


N Q T I C E  

T H I S  DOCUN.ENT H A S  B E E N  REPRODUCED 

F R O M  T R E  B E S T  COPY TURBIISZED U S  BY 

T H E  SPONSORING AGENCY. ALTHOITGH IT 

I S  R E C O G N I Z E D  T H A T  C E R T A I N  P O R T I O N S  

A R'E I L L E G I B L E ,  

IN T E E  I N T E R  EST 

I T  I S  

OF 

B E I N G  

MA KI N G 

R E L E.4 S E D 

A V A I L A B L E  

A S  M U C H  I N F O R M A T I O X  A S  P O S S I B L E .  



FOR AEROUAUT IC SI. 

NO. 540. 

ZZL ICGPTZR. 

3;- Alexander K l e q i i x l .  * 

9 



H. A. C.A.  Technical 3kmora,ndum No. 340 2 

and have reasonable  assurance of c o r r e c t  funqt ioning  of i t s  

mechanism. . -  IiI these requirements we have t h e  o x t l i n e  of :x 

whole subjec t  

~ o t  at; ion  

D = d i m c t e r  of an a i r s c r e v ,  f t .  

.A = d i sk  mea o r  area swcpt ou-t by Slrdss o f  an zirscrem, 
s q .  f t .  

n = r.p.s. 

V = v e l o c i t y ,  f t .  per sec.  

P = O.CO237 = 2bso lu te  d e n s i t y  of stcndard e i r  per cu . f t .  

T = thrust  of 3.3 airoocrcw, lb. 

T, = thrust  c o e f f i c i e n t ,  such t'nat 

Q = to rque  of an c?,irscrew, ft.-Xb. 

QC = t o rque  c o e f f i c i e n t ,  such tha t  .; = 4c._"E5 

T = T&D* 

P = vork in f t . - l b .  imparted t o  an airscrew per  seeI  

Pc I= power c o e f f i c i e n t ,  such that P = I?;.;"F 

ICE = r e t i o  between actual l i f t  secured- from an z.irscrev, 
and t h e o r e t i c a l  l i f t  on t h e  Froude momentum tlieory 

- 0 .  1273.TCa" a - 
QC 

R = aerodynamic r e s i s t a n c e  i n  Jb. 

K = c o e f f i c i e n t  of r e s i s t ance ,  r e f e r r e d  t o  t h e  d i sk  a r e a  
o f  an a i r screw,  such that K = K AV", when t h e  disk 
i s  perpendicular  t o  t h e  line of xotion. 

KL = c o e f f i c i e n t  of l ift,  referred t o  t he  S i s k  area of an 
a i r s c r w ,  such that t h e  f o r c e  perpendicular  t o  t h e  
l i n e  of cotion 

KD = c o e f f i c i e n t  of d rag ,  r e f e r r e d  t o  the C i s k  a,rea of 2-n 
a i r sc rew,  such - t b t  t h e  f o r c e  along t h e  l i ce  Of m- 
t i o n  D = I$AV2 . 

L = K~A@ 



.i = <t'ngle of inr idei ise  to t h e  f l i g h t  pa th  of t h -  ~ ? . ; 3 ~ : 2 e  of 
rotation of an airccrcw. 

6 = zncle of glide i,i oblique dssccjzt. 

I. L i f t i n g  Airscrews 

there  a r c  no aercd-ynnmic losses) . Therefore, t h e  power expended 

* 
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2 V T 1  - I It fol lows that VI L- e, End a l s o  t h a t  - - - - -. 
p v, v2 

From t h i s  vfe s e e  t h a t  the thrust/power r a t i o  inc reases  as t h e  

v e l o c i t y  of  t h e  air d r i v e n  t h r m g h  t i le  p r o p e l l c r  decreases .  

Also ,  t h e  :-rester t h e  diameter  and d i s k  a rea ,  t h e  l e s s  t h e  a i r  

v e l o c i t y  am?- t h e  f r e a t e r  t h e  va lue  of Bhrust/power. 
. . .  

I 

and 

a mathemzt i c a l  expression ind ica t ing  that  t he  thrust/power r a t i o  

varies i nve r se ly  as t h e  square  r o o t  o f  t h e  thrust loaciing/disk 

a r e a .  

Correct ion Factor for an Imperfect Fluid.  The t h e o r e t i c a l  

value of T/P can never be a t t a i n e d .  To determine t h e  va lue  

of any l i f t i n g  airscrevi, w e  r-mst f i n d  t h e  value of a c o r r e c t i n g  

f a c t o r  Kf such that 

'rn 

Txf dcpendling on the  aerodynamic 

l e r  . 
c h a r a c t e r i s t i c s  of t h e  propel- 

C h a r a c t e r i s t i c s  9f Geometrically S i m i l a r  Propellers. F o r  

geometr ical ly  simi1e.r propellers, Kf i s  a cons t an t ,  and de- 

termines f u l l y  t h e  "e f f i c i ency"  of t h e  zi rscrew.  I t  i s  saxe- 
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t imes more convenient t o  use t n c  fol lowing r e l a t i o n s h i p s ,  

ever: 

T = Tcn2D4 

%here T &r e t h r u s t  and. t h r u s t  c o e f f i c i e n t ,  respec t  - 

i v e l y ;  2 rad Q c ,  torque 2nd torque c o e f f i c i e n t ;  P and TC, 

power and power c o e f f i c i e n t ;  an6  n,  r .p . s .  

I'c fo!!lows that  

This relL3-tionship i n d i c a t e s  that t h c  t i p  speed ( n  ITD) should 

be  ;as low 2,s pobs ib le  t~ qive  a high va lue  o f  
i 

T/P. For a con- 

T , so  that i f  n is  decreased, D 4 
s t a n t  t h rus t  3 = 

J ?Ic $ i12 
d e c r c a e s  p ropor t ione te ly  less ,  and t h e  product; nD decreases,  

Hence i t  i s  advantageous t o  decrease  n and inc rease  D as 

far as p r a c t i c a b l e ,  a conclusion agrne ing  mith the  Froude momen- 

turn theory. .$ 

Coiwarison of D i f f e r ? n t  Types of Propellers. For  a h e l i -  
--__I 

copter  a i r screw it i s  d e s i r a b l e  thzt f o r  .c: given t h r u s t  and! power, 

t h e  d - i a w t e r  b e  its small as possible;  tha t  t o  keep down seer- 

reduct ion  r a t i o s ,  n be as high as poss ib le ;  and t n a t  t o  keep 

down 5eiitrif'Gga.l e.zfccts, n be small. These are somewhat con- 

f l i c t i n g  requirements. Also o ther  cons idera t ions  e n t e r  such as 

c h a r a c t e r i s t i c s  of t h e  a i r sc rew i n  climb, descen t ,  2nd f oraard 



basis of  c o r ~ ~ x r F s G n .  

i t  is conveni ei?t t o  relate :;it-& them. It cen  
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Authoi-ity Descr ip t ion  of 2ropel ler  *C Qc Kf 
Ti. F.Dura.-rd P r o p e l l e r  Mo. 44, two- 
& E.P.Les- bladed p i t c h  r a t i o  0.7,  
ley,NACA. Mean b lade  width 0.27. 0.16700 0.0118i) 0.740 

It i s  remarkable how neizr t o  t h e  t h e o r e t i c a l  l i f t ,  t h e  

Durand C- Lesley PToppeller iqo. 4-4 Z,?proaches, althouo,.h it vas 

no t  designed f o r  he l i cop te r  use. In  the curve of Fig. 2 ,  for 

. Durand 44 end constant  100 El€)., l i f t  i n  poimds is p l o t t e d  

cga ins t  d iameter .  Disregarding the weight of  the a i rscrew it- 

self,. it i s  c l e a r  that  any des i r ed  l i f t  can be r e a d i l y  a.ciiieved 

w i t h  a given hor~~!po l ;o2~ ,  i f  the  size of t h e  airscrews i s  not 

l imi t cd ,  an& i f  adequate gzar re- luct ion i s  ictrod.uce6 betwccn 

t h e  hi$i-sspced cnsine m d  t h e  a.irscrews, which cmst be  slow t o  

be e f f i c i e n t .  

----- Tande:?? Airscrews. G3 very r e l i ab l - e  data are  a v a i l a b l e  f o r  

-6;axd-em a i rscrews .  In sene of Klicgc-nbcrg's exgcrirnents* a screw 

of 8 m d i a a c t e r  g v e  200 ks (443 l b . )  l i f t  with 34 W . ;  B screw' 

of 6 m d i a u e t e r  gave 2GO kg l i f t  w i t h  42 €I?.; tile combination 

of  t 3 e  two i n  tandem, wi th  the  s m l l e r  a i r scrcw p leced  i n  t h e  

cont rac ted  airstream of t h e  lergsr a i r screw,  gzxe a. l i f t  of 

430 kg with only 69 :%I. 

XI. C l i n i b  

The h e l i c o p t e r  airscrew rmst  Lo more than provide  l i f t ;  it 

* " Z e i t s c h r i f t  des Vereines deutsctler Fngenieure," 1910, p.1009. 
- 
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v 
n3 

-c. 204 
-ij. 182 

- 

n 

- G . l 5 $  
-0.130 Desc m.t 

T 
* i: 

c .  OO’i’2Q 1,250 
0.00726 1,250 
O.rJcj‘i57 1,215 

1,27C CI. ,297 35 
3.3r3765 I, 230 
0.30’7 59 1,240 
3. ‘AI7 4-3 1,190 
C.90684 1,190 
G. X C 5 G  1,140 
0.00525 940 
3.09493 955 
0.9c473 865 



c i e n t  t o  n u s t d . - i l  t h i s  xx: i ine nli.th n = 1 . 2 3  7 .p. s. , D = 43.4 

f t . ,  md-  Q = 7150 f t . - IS.  ( i i e ;~ec t ing  a l l  gezr l o s s e s ) .  

Supnose it i s  reyuired t o  secure  zn i n i t i a l  climb of 10 f t .  

per  see . ,  o r  ,600 f t .  per min. The r e s i s t ; n c e  of' t h e  r e s t  of 

t h e  h l i c o p t e r  t o  v e r t i c a l  motion !nc;r be nlzglecteG this low 

exac t  n n t h c m a t i c ~ l  s o l u t i o n  i s  :?os:sible, but  2 ~eac?y method of 

ca l cu l? . t i on  i s  obtained- by sasumir~g vLlues of n g r e a t e r  thnn 

1.23 - s ince  with cOnst:j.int t h r u s t  znd p o s i t i v e  va lues  of I r / 3 D ,  

T, dfmiiiioires uild n xust i .ncswse,  \'ken n -7 l.4, V/iG = 

0.147. E? i n t e q o l a t j o n  frorfi Tzble I f ,  (T/P)  DE = 1100 r& 

T/P = 16.3, s o  that 123 82. i s  requi red ,  anti i?, to rque  of 770G 

f t . - L b .  1: no -Jwiz'alc-s$eed red-uction if; included i n  t h e  

d e l i v e r  tbc  190 X P .  rcquirad. f3r sus-ter,eaon, t h r o t t l e d  down . 

t o  s o x  ex-terit. .IC mtx i m u m  iio r s et2 ow e r  e q l  o y ed we r e zbou t 

150 X?. ,  t i l e rs  wou.ld mt b e  the s l i g h t e s t  dlff i c u l t y  i n  meeting 

t h i s  condi t ion.  Provided always t ha t  i n  z h e l i c o p t e r  t h e  ymxi- 

mum horsq3ower i s  not  designed ti, g i v e  mere sus t en ta t ion ,  there 

i s  apparcii t ly no & i f f  i c u l t y  i n  secur ing  adequate v e r t i c a l  c l inb .  

In  v e r t  i c d !  c l i n b  tile h e l i c o p t e r  hrts thc inherent  advantage 

over t h e  airplane that i t  has no g r e a t  aerodynamic res is tance 

t o  overco:.ne - t h e  powsr goes d i r e c t l y  i n t o  work a g a i n s t  giywity. 

If 

-. 

Ceili-g. Since t1.e lift o r  t h r u s t  i n  hovering f l i g h t  ct 



c e i l i n g  is t h e  sarie as at  ?round l e v e l ,  and 

p n2 = a cons tsn t  = C, 

, 

T = p T, n2 D", 
5 and n = - ' . And s i n c e  P = p P, n3 D = 

t h e  power requi red  t o  raaintain hovering 

f l i g h t  v a r i e s  i nve r se ly  as the  square root of t h e  dens i ty .  For 

an a i r p l a n e ,  aininum Fower ct S ~ Y I E !  a l t i t u d e  l i kewise  v a r i e s  in- 

v e r s c l y  as t h e  square root  of t h e  dens i ty .  A s  a f i r s t  approxi- 

mation it m a y  b e  asslnrned, t he re fo re ,  that  if the r a t i o  ( a v a i l a b l e  

~ o r s e p o ~ ~ e r / r n i n i ~ u c  power TequireC a t  ground) of t h e  a i r p l a n e  i s  

equal t o  t h e  r a t i o  (aTrailable horsepower/micimurn. power requi red  

a t  ground) of the  kz l i cop tc r ,  the c e i l i n g s  Qf t h e  two types  of 

a i rc r?"f  t w i l l  b e  a p p r o z i m t e l y  ' the sm~e,  though i n  a l l  probabil-  

i t y  t h e  h e i i c o 7 t e r  w i l . 1  reach i ts  c e i l i n g  far l o r e  qirickly. 

c3  pCC3D5 J-5- 

J T  
P P, D5 = 

P 

Obliaue C l i r z b .  It has been found i n  a number of laborato-  

r i e s  thzt  hen an ai-sscrev i s  vo rk ins  i n  a s i d e  vind, the  coef- 

f i c i e n t  of th rus t  i nc reases ,  while t h e  c o e f f i c i e n t  of to rque  

d i n i n i s h e s  as compared wi th  t h e  torque ond t h r u s t  c o e f f i c i e n t s  

a u  poin t  f i x e .  
7 

For eEmple, i n  Durand! 2nd L e s l e y ' s  experiments" on propel- 

l e r s  i n  yaw, t h e  figures given i n  Table 111 ob ta in  f o r  propel- 

l e r  No. 5- 

-_I- 

* "Tes ts  on A i r  P r o p e l l e r s  i n  Yan,!' T?. F. h r a n d  and E+ Po Lesley,  
nTational Advisory C o m i t t e e  for Aeronautics.  



Table 1x1. Air Prcpcl iers  i n  Yaw.  

T, QC 

, .o 90 d-e,c:. 0.151 0.01105 
0.151 0.01050 0.573 SO 11 

0.261 0.01495 1.91 90 I I  

0.372 85 'I 0 lGll 0.01122 
I. 53 85 " 0.2195 3.01509 

* R a t  i o  of y m c r  

a s  a t  v / ~ D = o ,  
y a w  = 90 dcg. 

1.0 
0,942 
0.762 
(3.925 
0.785 

f Or S?bi:1C thiUGt 

It i s  seen tha t  the  power required diminishes  considmztbly 

. i n  t h c  s i d e  wind a t  high va lues  of V/nD.  F o r  85 deg. yaw 

t h e r e  i s  in a d d i t i o n  t h e  advantage of a forward component of 

t h e  thrust. 1 The same e f f e c t s  p e r s i s t  with l a r g e r  angles  of yaw. 

From c q e r i m e n t s  such as these,  a number of  w r i t e r s  'nave cox- 

cluded t h a t  a he l i cop te r  could l i f t  i t s e l f  from t he  ground 

with less power i n  a s i d e  7::iind and also cl imb b e t t e r  on an ob- 

l i q u e  path, w i t h  t h e  ?lame of r o t a t i o n  a t  a ncsa t ive  anglc  t o  

t h e  f l i g h t  pa.th. 

E3ut Ddrand and.. Lesley s p e c i f i c a l l y  s ta te  %hat t h e y  were 

not  i n  a l3osit ion t o  measure t he  f o r c e s  pcrpendidular  t o  t he  

a x i s  of r o t a t i o n  which must i n w i t a b l y  a r i s e  i n  a, s i d e  wincl. 

Riabouchinsky has f o r t u n a t s l y  made soae t e s t s  i n  s i d e  v:inds, 
1 

wi th  angle of incide-nce of the  plane of r o t a t i o n  held a t  zero,  

however, i n  which t h e  I.at era1 component was neasured. 

Some i l l u s t r a t i v e  r e s u l t s  a r e  taken from t h e s e  t e s t s *  and 

given i n  'Czble I V  f o r  a small a i r sc rew of 25 cm (10 in . )  diaa- 

-.---- 
e t e r .  
* I n s t i t u t  Aerodymmique de Koutchino, TaSle 11. 
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T~-31-e IV. Data of Test  of a lo-i-nch Airscrew. 

RV 9 

iTork re- 

V 
m per 

s c c .  

C 

C 
6 

7 " 

n, 
ropes. 

29.0 
16.5 
11.6 
7.9 

qu i red  
2 ,  9 t o  over- TS 

work i - n  L a t e r z l  W 

l.rg anc e 

7- r3 p--m r e s i s t -  1a.t e r a 1  P 4- RV, 
anc e res i s&-  kg- ~ i l  

0.0240 0.0740 0 0 0.07400 
0.G243 0.064-0 Oe0'3250 0.00750 0*07150 
0.0031 OoOlE3 0 0 0.01620 
0.0083. 0.03.53 0*00410 0.02466 0.03856 

Vhile  2iabouchinsky 's  experiiiients mere conduct Ed on 'ineff i- 

c i c n t  I x o p s l l e r s ,  ncver tke less  t he  approximate conclusion may be 

drawn thz> t  less t o t a l  power i s  requi red  i n  a s i d z  wind-only at 

sma,ll  vc,laec; Gf V /nD.  With la rge  va lues  of V/nD t h e  l a t e r a l  

r e s i s t m c e  become lerze enough t o  o f f s e t  t h e  appa ren t ly  advanta- 

geous e f f ec t  of t h e  s i d e  nind. I 

Granted even t h a t  a hc l i cop tc s  could zst  o f f  t h e  ground wi th  

a littlc: less 730wcr, i f  i t  s t a r t e d  of5  liiith some l a t e r c l .  ve loc i ty ,  

t h e  author s e e s  no p a r t i c u l a r  a,dvant2ge i n  t h i s .  

which has s o  l i t t l e  r e se rve  power cs  t o  n e s e s s i t a t e  such a naneu- 

ve r  t o  ge'c o f f ,  nould be useless. 

A 'neJicoi3ter 

It is poss ib i e  also t ha t  by- naking a get-zway a t  8 high l n t -  

era1 speed, t h e  &lameter of the a i r sc rews  might be somewhat re- 

duced becxctse of t h e  higher  t h r u s t  c o e f f i c i e n t s .  B u t  i n  that 

case  we mou!-d be departing f rom t h e  fundemental advantages of 

t h e  h e l i c o p t e r ,  an3 d e v i s i n g  an i n e f f i c i e n t  equivalent  of t h e  

a i r p l a n e ,  



For much t h e  saxe reason@ tlie author  sees no p o s s i b i l i t y  

of securiii:;: S e t t e r  climb by f l y i n g  on an obl ique  path. of  mod- 

e r a t e  s teepness .  P a r t i c u l a r l y ,  s i n c e  v i t h  t h e  h e l i c o p t e r  

cli-mbing on a n  obl iqxe  path t h e  ? a r a s i % e  r e s i s t a n c e  of t he  

c r a f t  woul6- b e  much g r e a t e r  than  i n  TJertical  a scen t .  It i s  

just  poss ib le  t h a t  bet ter  climb might be secured by r i s i n g  on 

a very s t eep  paJ&cfii than by v e r t i c a l  a s c e n t ,  but t h i s  seems con- 

t r a r y  t o  t h e  ' I i n s t inc t  of aechanics ."  

111. V e r t i c a l  Descent w i t h  Dea& Engine 

I L i m i t  fGr Speed i n  V e r t i c a l  Descent. The l i m i t  of ~-3ced. 

m i l l  be fixe$i by (1) i?hysiolocical  cons idera t ions ,  ( 2 )  By the  

f a c t o r  of s a f e t y  of t h e  h e l i c o p t e r  s t r u c t u r e ,  arid (3)  by t3o 

cha rac t e r  of t h e  shock-e,bcorbing mechanisx. Damblanc* z s t i -  

mates t h e  p o s s i b l e  limit as 5 TI (16.4 f t . )  per see .  This si3errls 

l a r g e  u n t i l  it i s  considered t-mt t h i s  corresponds t o  a ver-- 

t i c a l  f a l l  under g r a v i t y  of only EL l i t t l e  over 4 f t .  P i l o t s  
0 

i n  a iyplanes  seem t o  be able t o  s tand  v i o l e n t  a c c e l e r a t i o n s  

wi th  ea.se, and w i t h  c a r e f u l  des ign  of t h e  shocl+a,bsorbli?g sys-  

tem i t  should be  permissible t o  d e s i g n  f o r  c?, v e r t i c a l  v e i o 2 i t y  

of some 16 f t .  per see. 

T h e o r e t i c a l  L i m i t s  of ; iesis 'knce Coeff i c i e i l t s  i n  V e r t i c a l  

DescenA. If t h e  Newtonian hypothesis were zdrmissible, zn6- 

p a r t i c l e s  of a i r  s t r i k i n g  a d i s k  perpendieTJlar t o  t h e  wind were 
* "The ProSlem of t he  Helicopter,ll L. Damblanc, Aeronaut ical  
Jou rna l ,  January,  1321. 

~ _ _ _ I I _  
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d e f l e c t e d  a t  r i g h t  ang le s  to. t h e i r  oriF;inal path, then %>e re- 

sista-nce of t h e  d i s k  would be 

R = -@AV", K would be aqua1 t o  1. This i s  evidrently t3.e max- 

iinum vz lue  which could ever be secured f o r  K. But the a i r  

meeting c2 Cisk  scpa ra t e s  ar;d f l o w s  past it, and t h e  r e s i s t a n c e  

c o e f f i c i e n t  has o n l y  a va lue  of 0.6. T k i :  :cesistance coeffic- 

i e n t  of a ;?8raciiute is a.pproxi+nztcly 3.1 'nancd on i t s  p r o j e c t e d  

a r e a ,  ami t h e  parachute  approxiiarbes a 1~0110~ henisphere,  ~ n d  

evid-ently captures  the  air very  e f f e c t i v e l y .  

p N 2  . Ker?ce i n  t h e  equation 

i t  szeris dif ' f icul- t  t o  conceive of any e i r screw o r  wirlldaill 

exceeding o r  even approaching this va lue  of 0.7.  11; is :~se-i"ul 

t o  e x m i n e  the r e s i s t a n c e  of  F, windmill - which for our piw- 

poses m y  be termed a n  a i r b r a k e  - on the  basis of F T O ~ T L C ' S  xo- 

mentum theory .*  In Fig .  5 t h e  column cf a i r  is  conceived as 
__-, 

approzcking t h e  a i r sc rew with 2 v e l o c i t y  

what i1zrrOwcr than  the  d . i s k  C-ia:ncter, reaching t h o  screw w i t h  

a, v e l o c i t y  V I ,  r e c e i v i n s  an instantaneous inc rease  i n  pres-  

sure, ard- f i n a l l y  resuming t h c  i-nit ial  p re s su re  a t  a smaller  

v e l o c i t y  v, ' From considerat  ions of mo:nentul.iz 

V i n  a stremn soEie- 

Assuming 3 c r n o u l l l f  s equa.tion t o  

(v  - v,) 

hold from A t o  B y  azd from 

B t o  C y  the prcssures ,on  the two 
.... 3 

sides of the a i r sc rew C i s k  
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IT - 'iT, 
? so 2 , (al.so thct VI - v, = 

- v + v, is  found t'rizt 'ET, - --- 
2 

t h a t  dccrease i n  v e l o c i t y  of t h c  a i r  column before it reachcs 

t h e  airscrcv -is equal t o  subsequent dccrcase) .  Eliinina-ting V, 

K seems very small, 7ar t icu lar3-y  as  f r i c t i o n a l  l .osses &YC nere 

neglacteci, End i n  a c t u a l  e x p e r i m n t s  % h i s  va1v.s of K has bccx 

exceeded. Frobably t h i s  is due t o  the f a c t  that a h i l e  the 

column of z i r  before  t h e  d i s k  is  considered as narroaer th'x 

t h e  d i s k  cliLmcter, i n  r e a l i t y  a n  a i r  streem of :!;?-.eater diaae- 

t e r  m a y  be a f f e c t e d .  A l s o  i n  tlic Froude momcntum thcory t:ic 

rho13 PE-SS of a i r  a f f z c t  ed i s  considered as pass ing  through 

t h e  S i s k  ~ - h i l e  i n  r e a l i t y  :;orfic of i t  may fIo7.7 round the  edy;zs 

as i n  the  c ~ s e  of a flat .,late. Also, t h z  tbeory does not  

t a k e  i n  thc  p o s s i b i l i t y  of  r o t a t i o n a l  motion be ing  imi3art2d 

t o  the air. Applicat ions of t h c  vo r t ex  theory w i l l  b r i n g  

t h e o r e t i c a l  and experimental va lues  c l o s e r  toget i icr .  The 

Froude molnentum theory does ind ica t e ,  hoi-:e-\ieT, t ha t  cvcn 

skilled desigri of a i r b r a k e s  r r i l l  not  give very  .much higher  

va lues  of K than 0.5. 

Even i f  a. c o e f f i c i e n t  of 0.6, equal t o  t h a t  of a f l a t  

p l a t e ,  is  sitcured, h e l i c o p t e r  diameters  remain extremely large 

for reasonable  te rmina l  v e l o c i t y  i n  v c r t i c a l  descent .  T h u s  

f o r  a 2COO-pound h e l i c o p t e r ,  if K = 9.6, V = 16, and 

P = 0.00237, then  D = 83.5 ft. diameter; o s  i f  tvfo nirscre-.-x 

P 
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a r e  employed, each one must hwre a ciiaaetes of 

Tmden a i r sc rews  a r e  l i k  y t o  be a gery  poor combination 

f o r  v e r t i c a l  descent .  Z i f f e l "  ??iizs s'iiom that two f l a t  p l a t e s  

perpendicular  t o  the airs t reard and i n  tandem may have a corn 

bined r e s i s t a n c e  of l e s s  than th , t  of  one p l a t e  ( t h e  r ea r  G-isk, 

under t h e  a c t i o n  of t h e  suc t ion  of t 3 e  forward d i s k  imy actu-  

a l l y  experience a negat ive  r e s i s t a n c e ) ,  an2 t he  sgme r e s u l t  

i s  l i k e l y  t o  occur f o r  a tandcin a i r sc rew brake. 

En a tendem airbreke,  i f  the lower screw o f  t h e  combi-. 

n a t i o n  r e t a r d s  the  colunn of a i r  e f f i c i e n t l y ,  t h e r e  is  l i t t l e  

cnergy l c f t  t o  a c t  upon t h e  uyper e i r sc rcv ;v .  If V' 9 i s  t h e  

v e l o c i t y  of t h e  a i r  when i t  reaches t h e  tqsper screw, i t s  

t h r u s t  on the Froude momentum theory  w i l l .  b e  given by thc: ex- 

v e l o c i t y  a f t e r  pas s ing  through t h e  sccond airscrew.  Hence t h e  

t o t a l  thrust  of t h e  combination  ill be  P 2- ( IT2 
nD2 ?.T2 ' 

"D" - TZ2 ) + 

1 2 TTD" v22 -- v. 
and can never exceed p -q- 2 o r  g ive  a p-q- 2 

r e s i s t a n c e  c o e f f i c i e n t  g r e a t e r  thhn '3.5. 

Res is tance  Coef f i c i en t s  of IJormal Airscrews i n  Verticn.1 

-- Descent. Supporters  of t h e  h e l i c o p t e r  have maintained that  nor- 

Trial l i f t i n g  a i r sc rews  vrould g ive  s u f f i c i e n t  parachuta l  e f f e c t  

i n  v e r t i c a l  descent  withodt pager. This  is not  subs t an t i a t ed  

by experi31ental ve,lues. T3ere 2re  t h r e e  condi t ions  t o  be con- 

s idered:  ( a )  when t h e  a i r sc rew is  held,  ( b )  when it is  r o t a t -  

i n g  as a v indmi l l  i n  a p o s i t i v e  o r  normal d i r e c t i o n ,  and 

when i t  i s  r o t a t i n g  as 
* "The Res is tance  of  d r a n s l a t e d  by 
J. C. Zrunseker, pp. 55-60. 

( e )  

-- 



On v c r t i c a l  desccnt ,  a n  a i r sc rcw is  no t  l i k e l y  t o  act  as a - 

m i l l  r o t z t i n g  i n  a p o s i t i v c  d i r e c t i o n ,  un lc s s  i t  has a 

p i t c h ,  but conciition ( e )  i s  l i k e l y  t o  br: r e a l i z e d  at c 

vc1ui;s of v / ~ D .  Conciition ( c )  is i l l u s t r a t e d  i n  Fig. 4, 

Oii  t h e o r c t i c a l  Grounds, no very large r e s i s t a n c e  coef f i -  

c i c n t  be eLxpeci;ed from e i t h e r  condi t ion  (a) o r  condi t ion  

( b ) .  

f o r m r d  :notion of stationcmy b ladcs ,  whose combined area, i s  

only a f r z c t i o n  of t he  d i s k  are& of t h e  airscrew. Under con-: 

d i t i o n  ( - 0 )  we may expcct b e t t s r  va lues ,  but unfortuna, te ly  t h e  

air  no^ ::eets t h e  r e m  cdge i n s t ead  of t h e  forward edge of t h e  

a i r f o i l  ' ; . l a i r s  c lemmt.  

thdcr condi t ion  (a> vic 3impl;r lia.vc -the r e s i s t a n c e  t o  

. 

SOiLIS cx-:Jtrimcntnl i-csults f o r  various soiicii t i o n s  of c:ork- 

i n g  u s  $vcn i n  T z b l z s  V ,  VI, 2nd V I I .  

D e s i p a t  ion of 
~ l , i  r sc r CVI 

Author it y 

Drttg coef f i -  
c i c n t  IC 
r e f e r r e d  t o  
d i s k  arc2 
of  a i r sc rew 

G.074 

0.0'39 

0.063 

0 0442 
0.0525 
0 0465 
0 0610 
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These r e s u l t s  i nd icz to  qu i tc  c l e a r l y  that  the paraclnntal 

c f f  cct  of t h e  f ixed  h c l i c o p t c r  a i r sc rew i n  v e r t i c a l  descent  

nould bc n e g l i g i b l e  i n  p r a c t i c e .  The va lues  f o r  f ixed  air- 

screws with t h c  upper s u r f z c e  i n t o  t h e  nind m c  given merely 

f o r  comparison. 

Tzble VI, Normal Airscrems i n  V e r t i c a l  Descent Turning 
Freely as ?!indrnills with, 30 Torque. 

Di rec t ion  Drag coef- 
of rota- f i c i c n t  
t ion  - V referred 
( P o s i t i v e  t o  en t i re  
is norma$ disk a r e a  

Author i t y Designetion of  
a i r  sc  r ew 

W. Xargoulis nega t ive  013 3.1130 Z-bladed- eirsci-ew No.1, 
r e l a t i v e  p i t c h  0 .4  

2-bladed nirscrevr No. 2 ,  
7;i, Idr?rgoulis r e l a t i v e  ? i t c h  0.8 

2-bla6-ed rxirsci*ew No.2, fda.rgoulis 
r e l a t i v e  p i t c h  l . 2  

nega t ive  0.55 04123 

negat ive  0.93 0,0167 

T%ble !JII. Three Marqoulis Airscrems, R e l a t i v e  P i t c h  0.4 
0.8, and 1 . 2 ,  i n  V e r t i c a l  gescent  as Windmills, 
w i t h  Some Torque E f f e c t .  

It0 1 Eo. 2 
D rag Drag 

v/@ c o e f f i c i e n t  v/m c o e f f i c i e n t  

0.3 0.6X30 
0.4 0.2560 
0.5 0 . 2 8 8 .  
0.6 0.305 
0.7 0.278 
0.8 0.252 
1.0 01200 
1- 5 0.091 

0.55 
0.60 
0.70 
0.80 
0.90 
1.0 
1*1 
1.3 
1.5 

0.123 
0. 131 
0.124 
08131 
0.135 
0.124 
0.116 
8. * G'J/"E 077 

No. 3 Drag 

d i s k  area 
0.93 0.0167 
1.00 0.02460 
1.10 0,0417 
1.20 08 0550 
1.5 0.0565 

From Tables  V I  and. V I 1  i t  is c l e a r  t'nat a normal a i rscrew,  

a c t i n g  as a $?:iniimill, n i l 1  no t  exe rc i se  i t s  maximrn braking  ef- 
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f c c t  ~ ? ~ c i i  the torque is zcro. Provided 2- torque is in%roCucA&, 

a loa-;3itch a i r scrcw y i i l l  develop q u i t e  an ugprcc iab le  brak ing  

o f f  e c t ,  approximately half that of t h e  b c s t  d rzg  c o e f f i c i e n t  

obtaincd i;!i t h  s g e c i a l l y  designed ~ - : i i & n i l l  brakzs.  It  n igh t  bc  

possiblc  t o  do b e t t e r  on descent  w i t h  lovrsr p i t c h c s  and s p e c i d -  

ly fiiclccted b lade  elements,  bu t  t h i s  would dccrcasc  l i f t  c f f i -  

ciency; c?.s it is ,  even with t h e  h ighes t  value o f  t h e  &rag coef- 

f i c i e n t  i n  Table V I I ,  a diarneter O f  117 .5  f t .  would be required! 

t o  g ive  a speed of descent  of 16 9 t .  'per sec .  f o r  a 2000-pound 

a i r p l a n e .  The use of a normal a i r screw v i t h o u t  p i t c h  var ia -  

t i o n  does not  seem a p r a c t i c a l  method of secur ing  v e r t i c a l  <e- 

scent .  

,Drag Coef f i c i en t s  o f  Spec ia l ly  DesiRned Windmills,- F ig .  5 

i n d i c a t e s  that w i t h  a negat ive  blaCLe s e t t i n g  an a i r screw i n  ver- 

t i c a l  descent  w i l l  r o t a t e  i n  a p o s i t i v e  d i r e c t i o n  as a windmill, 

with t h e  r e s u l t a n t  wind s t r i k i n g  t h e  blade at  an e f f i c i e n t  angle .  

Accordingly t h e  p l an  has o f t e n  been suzgcsted that  the s e t t i n g s  

of the  blades of the  a i r screw should be v a r i e d  i n  v e r t i c a l  de- 

s c e n t ,  ~ n d  a number of experiments have been t r i e d  w i t h  vind- 

mills s 3 e c i a i l y  designed t o  give a l a r g e  drag c o e f f i c i e n t ,  but  

the  only publ ished resul ts  seem t o  be those  of Lock and Bateaan:@ 

The experiments were mde on two normal a i r sc rews  tlA1f of 

two and foul: b lades ,  of p i t c h  diameter 0.3, i n  which t h e  b lades  

could be r o t a t e d ,  'and. a s p e c i a l  windmill IrB.tf  In t h e  a i r screws  
* Some Experiments on Airscrews a t  Zero Torque, w i t h  Applica- 
t i o n s  t o  it Hel icopter  Descending with the  Xngine Iroff t l  and t o  
the Design of Windmills. C. N. H. Lock and H. Bateman. 
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IfAfl t h e  blade angle at 0.6 r from t h e  ccn tc r  was k k e n  as de- 

f i n i n g  the  b l ade  angli3, t h e  nor;ml b ladc  tlngle a t  t h i s  poi-nt be- 

ing  9 dcg. I n  a i r screw l l B , t l  nh ich  m . 6  s p e c i a l l y  designed as a 

brakc-:77indmb1ill, =! p a i r  of rec tangular  brass nirf o i l s  measuring 

23 inchcs by 15 inchcs were a t t cched  by a pair of sho r t  brass 

sp ind le s  t o  t h e  aluminum ~ O S S ,  thus rflzLkin7 t?. tmo-blades s i r screw 

of d i m e t e r  3 ft. , i n  which the chord, s e c t i o n  and blad-c -.nglc 

were cons tca t  a long thc  Slrxbc, mhilc the  blade c?nglc could b e  

ndjus tcd  b:r r o t a t i n g  tlic b l zdcs .  T h i s  g3vc i?, mort suitab1.c 

type of. brcke-windmill thnn IfAll r:rhen r o t a t e d ,  ::nd onc of l e s s  

pecullar shape* The r c s u l t s  a r e  summarized i n  Tx?:olc VIII. 

Tc,blc V I L I .  Experiments on Airscreas .  

&Bladed Airscrew l lAt f  at Zero Torque. 

Blade Drag 
Angle s e t t i n g *  cocff i c i c n t  

deg. Rotat ion V/nD rci”orred t o  Re imr k s disk area 

-6 p o s i t i v e  0.504 0.422 
-3 I t  0.516 0.500 

+2 neg;?tivc 0.556 0.560 
p o s i t i v e  0.618 0.562 

-- negat ive 0.487 0.553 
s t ctpp cd 0 0.099 

0 II 0.557 00 550 
-- 

-- 

%-Bladed Airscrew IrBIi at Zcro Torque. 

p o s i t i v e  0.294 0.387 -- 
9.283 0.572 -- 

00 592 -- 
0.597 -3 

0 0.063 -- 

-6 

-1 I I  0.323 
II 0.332 

-- stopped 

* -3 !I 

- -  c 
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----_ Table VIII. 

2-Eladed Airscrew I I A ,  with Braking. 

Experiments on Airscrews ____I_- (Cont.)  ___ 

3 lad e Drag 
Angle s e t t i n g "  c o e f f i c i e n t  

dcg. Rotat ion ~ / r ~ r ,  r e f e r r e d  t o  8ema r k s 
d i s k  a r e a  

-6 F o s i t i v e  0.406 0.338 Zero torque 
-- I t  0.450 0.343 Braking 
-- If 0.437 0.342 B r ak 2. ng 

0.499 0.537 Zero torque 
I I  0 432 0.526 Braking 

-- 11 0.508 0.421 Braking 
Kcgat i v e  0.407 0.540 Zero torque 

I! 0 
-- 

-- 

*At 0.6 r f o r  a i r screws  llA.'l 

FrOi i I  t h e s e  results i t  i s  evident  t h a t  a two-bladed a i r screw 

w i l l  answer q u i t e  as w c l l  as a four-bladed a i r screw as far as 

drag c o e f f i c i e n t  i n  v c r t i c a l  descent  is  conccrncd. There i s  

evid-cntly no  d i f f i c u l t y  i n  secur ing  a drag c o e f f i c i e n t  n e a r l y  

t h a t  of a c i r c u l a r  disk,  namely, 0.6. Fur ther ,  a drag  coc f f i -  

c i e n t  of n e c r l y  t h i s  value can a c t u a l l y  be securcd w i t h  a small 

T o s i t i v e  s e t t i n g  f o r  t h e  blade angles o r  ve ry  low p i t c h  - i n  

agreement wi th  t h e  Nargoulis t e s t s .  

An important d i f f  erence between t h e s e  vJindrnil1 t e s t s  and 

those  o f  Margoulis on normal a i r sc rews  i n  v e r t i c a l  descent  .lies 

i n  the  va - r i a t ion  of drag  wi th  torque. 

t a t i n g  i n  a negat ive  d i r e c t i o n  on v e r t i c a l  descent ,  i t  appears  

t o  be necessary t o  introduce a braking  torque  on the a i r screw 

sh8f t  t o  secure  high va lues  of drag c o e f f i c i e n t .  F o r  t h e s e .  

For normal a i r sc l ews  ro- 

windrnills t h e  drag c o e f f i c i e n t  seems t o  be almost independent 
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of t h e  brak ing  torque - a n  important p r a c t i c a l  p o i n t ,  s i n c e  i t  

might thus be  unneccsapry t o  disconnect t h e  &ead engine xhen 

changinp t lie angle  of inc idenc e 

The fc?,ct that  K only v a r i e s  s l i g h t l y  with the number of 

b lades  is i n  egreement with unpublished r e s v l t s  of experiments 

i n  which a inl.Ltiple-blade wind. ..mill was trieix out .  

i&~r,i-pul.ation of the  Airscrea  t o  De,crsase RZ-te - o f  V e r t i c a l  

Descent. It has been suggested. by I number of mriters thz , t  by 

a pfocess  i.li?alogous t o  the T l a t t e n i n g  out of a n  ,o,irplznc t l f t c r  

a g l i d e ,  t h e  m g l r  of t h e  airecr:2w blad-e might also be  mnipu-  

l a t e d  on landing.  On t h e  descent ,  t n e  b lades  would be rotated. 

t o  a snall negat ive a.ng1.e with t h e  plane of r o t a t i o n  so as t o  

secure  t h e  maximum drag  c o e f f i c i e n t .  

t h e  p i l o t  mould p l a c e  the  b lades  a t  a p o s i t i v e  ang le  t o  t h e  

p l a n e  of r o t a t i o n ,  when the  i n e r t i a ,  of t he  a i r sc rew would main- 

Skor t ly  be fo re  landing  

t a i n  r o t a t i o n ,  and it would behave aga in  as a l i f t i n g  screw. 

This seems t o  be  a ve ry  p r a c t i c a l  and promising suggest ion,  and 

i f  l i f t i n g  a i  r sc  r ews a r e  indeed pr ov ided with a va r i ab le -p i t ch  

mechanism, t h e r e  i s  no reason why t h i s  mneuver should not  b e  

rcsortccl t o ;  i f  p r a c t i c a l ,  t h e  diameter of the a i r sc rew could 

Se cut  down. 

When a n  a i r p l a n e  engine s ta l l s  a t  get-amy near t h e  ground, 

the  2 i l o t  m y  have but '1-ittle time t o  b r i n g  h i s  machine t o  a 

g l i d i n g  a t t i t u d e .  If t h e  h e l i c o p t e r  engine stalls  near t h c  

ground, t he  c l i f f i c u l t y  will be equai ly  g r e a t .  R s l i a b l e  an& ve ry  
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r ap id  control of t h e  vs r i$o le -p i t ch  mcchanism v~ill. be req+iipxl .  

Clutches m , . ~  a l s o  %e necessary, so that the e n j i n e  may b c  i-n- 

s tan tancous ly  disconnected 1:rhen t h e  a i r screw i s  converted into 

a windmill, cnd z e r o  torque is  r cau i r ed  t o  sccurc tha  t-;rz:,-:,st 

drag coeff i .c ient .  

IV. Obl iyw Descent w i t h  Dead Engine 

Since even wi th  3 GpecialIy d.esigned brake-~AJindmill m l y  

2 dr?,.g c o e f f i c i e n t  of 0.6 is n t tn innb le ,  and l n r g e  d imc tc l - s  

are neccsszry i n  v e r t i c a l  descent ,  it .is n a t u r a l  t o  cxc:,iii?C: 

tile p o s s i b i l i t y  of  obl ique descent ,  ;:.ith thc plo11e of r o t c t i o n  

of tlic s i r s c ren  inc l ine6  t o  t he  f l ig2. t  psCYh 1i;ce t h e  T::in-,* r:f 
c 

an airp1n;lc: on a, g l i d e ,  and thc cirscrew z i t h e r  f i x c n  o r  ~ o t n t -  

i n g  l i k c  2 windmill i n  E s i d c  uind.. 

0bliqu.E: Descent w i t h  Fixed AirscrLwS. T I  m m p u l i s  expcri- 

m n t d  i-fith t h e  prev ious ly  Y;?eilt ioncd nirscrew of pitch-diq4xctcr  

r a t i o  0.2. 

a t  0 ,  15, 30, 60 and 90 bczrccs inciclencc t o  tlic f l i g h t  g a t h .  

The c o e f f i c i e n t s  of l i f t  and drag r e f e r r e d  t o  t he  t o t a l  disk 

crca of thi: p ropc l l e r  ve re  as given i n  Table IX. 

f o r c e s  on tke  a i r screw va ry  v i t h  tile exact p o s i t i o n  i n  nhich  

The a i r screws  mere : ~ l ~ c c C -  T c ! : i t l i  t hc  plane of r o t a t i o n  

Sinclcl 'chc 

t h e  ?dirsci-cw i s  held,  t h e  va lucs  i n  Tcblc IX zrc inmn v a l c c s  of 

t'=lrx d i f f e r e n t  pos i t i ons .  



Witn such v a l u e s  th.2 g l i d e  paths aould alv:ys  be  cxcscdingly 

s t e q ;  ~ , n &  iis a rnc,tter of  f a c t ,  the lowest v e r t i c t l l  component 

of v e l o c i t y  mould be s l i g h t Z y  g r e a t c r  thzn  on d i r e c t  v e r t i c a l  

descent  c.? 90 a-eg. incidence v i t h  a i r sc rew f ixed .  

n ihese unf-vorEble r e s c l t s  might well  k v e  been cxpectcd; a 

f i x e d  a i r sc rew on n g l i d e  wi th  i t s  broken-up and unsymmetrically 

disposed surfaces could no t  poss ib ly  be as e f f i c i e n t  n s  x t  or-  

d ina ry  v ing  su r face  of equal aretl-. A l s o  t o  ssck improvemcnt 

by r m c r s i n g  one of t h e  b lades  on t h e  g l i d e  vould be f u t i l e .  

Oblique Descent n i t h  Airscrcv &tat ing  as a Windmill. With 

t h e  sane z i r sc rew of pitch-diamctcr r a t i o  0.8, Margoulis cxperi- 

mentcd '::ith t he  a i r screw r o t n t i n g  as I vrind-rfill i n  obl ique de- 
. .  

scent .  I n  v e r t i c a l  Cescent V =/& 
scent  t h e  v e r t i c a l  component of v e l o c i t y  i s  given by the fornula  

; i n  ob l ique  de- 

ca l cu la t ed  i n  Tzblc XI 

Equilibrium, of course,  is p o s s i b l e  on ly  where t h e  torque 

i s  negzt ive,  s o  t-mt a gii.de i s  no t  p o s s i b l e  a t  e i t h e r  0 o r  15 

de$. 

lique d-escent would a l n s y s  be very s t e e p  w i t h  t h e  a i r screw i n  

I t  i s  q u i t e  c l e a r  from Table X that the g l i d e  path i n  ob- 
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q u e s t i o n ,  and that  t h e  l e a s t  v e r t i c a l  v e l o c i t y  would be secured 

in v e r t i c a l  descent r  It would seein from t h i s  that a descent on 

a g l i d i n g  path v:it'n a normal a i r screw would. not be promising; 

I t  i s  the re fo re  necessary t o '  i n v e s t i g a t e  oblique descent with a 

v a r i a k l e  pitch airscrew.  1.5' 

Oblique Descent with a S' indnill  Tyne of  Airscrew. 17\50 ex- 

perims-its a r e  a v a i l a b l e  f o r  a winchiill on oblique descent ex- 

cept  those f o r  L a  Cierval s Autogiro.* 

Angle of 
incidence 

90 deg. 12 
* 1 3  

14 

60 deg. { 
3 

(- 4 

rl 
! 

14 

- 

KD 

_I__-__I 

0.131il 
0.0615 
0.0630 
O.OS50 

0.11 
0.0595 
0.0530 
0 * OljLO 

0.0760 

0 0452 

0.0425 
0.04.17 

e-_- 

XL 

0 
0 
0 
0 

0.0274 
0.02&6 
o.ozia 
0.0192 

-0 0486 

0.0 , 

0.0152 
00G216 

76.2 I 
67.6 I 
67.5 I 

i 
72.6 I 
--- ! 7 

Torque 
(when pos i -  
t i v e  power 
Ynust be 
sugpl ied  
by t h e  
engine ) 
negat ive 

(I  . 
i f  

I! 

negat ive 
(1 

II 

I I  

p o s i t i v e  

11 

negat ive 
tl 

*Essa i s  aeTodynmiques d'un rmdele dt au togi ro :  J. De L a  Cierva,  
LIl Aeronmt ique ,  April 1934. 
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15 deg. 

0 deg. 

1 
2 
3 
4 
5 

2 1 -  

3 
4 
5 

'xD 

0 0430 
0.0318 
0.0304 
0.0336 
0.8330 

0.32'74 
0.0218 

0.02 561 
0 0218 

0.0254 

xL 

-0.110 ' 

-0.0252 
-0.00238 
+o 0 009% 5 
+o. 0169 

-0.133 
-0 0374 
-0.0152 
-0.OQ59 5 
0.0 

26.6 
21.6 

6 
-- 
I- 

-- 
-- 

39.6 

mst be 
suppl i cd 
by t h e  en- 

g ine  

p o s i t i v e  
I I  

I I  

I I  

11 

p o s i t i v e  
I f  
I I  

I f  

! I  

A model of t h i s ,  a four-bladed a i r screw,  G6ttingen 429, i n  sec- 

t i o n  f o r  b l ade  elements, wi th  each b l ade  a t  2 dcg. t o  t h e  p lane  

of r o t a t i o n ,  diameter of a i r screw 1.1 m (43.3 i n . ) ,  width of 

blades  8 cm (3 .15  i n . ) ,  wlas t e s t e d  wi th  t h e  p lane  of r o t a t i o n  

a t  var ious ang le s  of incidence t o  the  forward wind, and t h e  

screw mounted f r e e l y  i n  i t s  bear ings .  

C ie rva ' s  d.evice i s  t h a t  each b lade  i s  f l e x i b l y  connected t o  the ,  

a x i s  of r o t a t i o n ,  as shown i n  Fig. 6. 

one a i r screw i s  used, and t h e  b lade  going i n t o  the wind meets a 

g r e a t e r  air  v c l o c i t y  and experiences more l i f t ,  no banking ef7 

f e c t s  a r e  appa ren t ly  produced i n  s t r a i g h t  f l i g h t ,  t h e  r e s u l t a n t  

fo rce  of each blade always passing through one p o i n t .  

The p e c u l i a r i t y  of La 

Therefore, although but  

Tne b lade  

I$% 



b 

27 

t u rn ing  i n t o  th2 relativ-;:  :;?-rind r i s e s ,  howcvcr, u n t i l  the c c n t r i f -  

u g a l  ~ Q L ' C L ,  t h e  weight of t h e  blacic, 2nd the L i f t  a re  all i n  

equilibrium. The Sladcs rc-mi-n at  thho same angle of inc idence  

t o  t%e ?>lc?;lc of rotnL!-on dur ing  the  p e c u l i a r  f e a t h e r i n g  motion 

of t h e  cirscre:Y, but no doubt tile r i s i n g  of a blade tcnds t o  

. dec rease  i t s  e€fcctiyJe m g l e  of incidcnce,  and r educm t h e  

v a r i a t i o n  ir: l i 2 - t .  it i r ;  u . n f o r t m a t c l y  i i qmss ib l e ,  i n  the scobe 

o f  t h i s  TcFort ,  t o  anc.3yse the p e c u l i a r  a c t i o n  of t h e  b lade  and 

t h e  vcryiiig a,eroii.yiia.iic cons-it ions a t  each poin t  on the p a t h  

of  r o t z t i o n .  

. .  

Evcg tl-c r.c-l;io,i of cn o r d i a a x y  n indmi l l ,  m v i n g  iE CL hori-  

zont t i l  --iaL -,--i.th i t s  a x i s  i nc l ined  t o  t h e  c t h ,  i s  d i f f i c u l t  
c bo s n a l y z e ,  T.S i rd ica tcd  by t h e  L i n g r a w  of F ig .  7 .  Unlike a 

windni l1  x-otating a i t h  i t s  a x i s  p a r c i l c l  t o  t h e  line of motioa, 

t h e  rfin2..xi,ll *.-Jith i t s  z x i s  obl ique -bo tcnc motion r i ,y  havc i t s  

blades at one yoin t  of t h e  c i r c l e  t m d i n g  t o  r o t a t e  i n  a posi-  

t i v e  d i z e c t i o n ,  tlnd rt x i o t h c r  po in t  tending t o  r o t a t e  i n  

neg.I:tive G-irec-tioii. 

a whole, so  tk-t t h e  rcslultznt torque i s  cero ,  t h e  L/D of t h e  

whole niulCmi?.l consid.cre& is a l i f  t i i i g  s u r f ~ ?  w i l l  depend on 

the  i n c l i n c t i o n r  t 3  t h e  perpendicular  t o  t k e  f l i g h t  p a t h  of t h e  

f o r c c s  ' 2  i n  t i le .  diagrams of Fig. 7 .  It i s  conceiv2blc t h t  

i f  the  a x i s  of ro t a -> ion  L;f t hc  ~;:iridnill i s  only a t  a s l igh t  

i n c l i n a t i o n  t o  t h e  I l i T h t  path,  and the i n c l i n z t i o n s  of 

t he  psr73endicu3.ar t o  thi: f l i g h t  p a t h  are a l t e r w  te3.y p o s i t i v e  

If the to rques  or- t he  I : r i a c P m i l l  balance as 

R to 



and -ncg<tivc,  t h a t  a very high L/D f o r  the -.dnole d i s k  surface 

might r e s u l t  - conceivably a higher th%i that of a s i n g l e  

blade clciXent The p e c u l i c r  f x t h e r i n g  a c t i o n  of the  Autogiro 

my assist i n  securinc; th l s  high 

d.nngerous t o  dismiss 2s c n t i r e l y  impossible tile surprisiq,; re- 

s u l t s  obtained by' La Ciervc il; thc  wind tunnel m d  given i n  

L/D 

L/D. Tilerefore it would b e  

Table XI. 

Tablc XI Wind TuniI@ ?;e 

Angle of 
incidcnce 
of ? lane cf 
r o t a t i o n  t o  
f l i g h t  path 

Ccc-0 

0 
1. 
2 
4 
6 
10 
16 
22 
26 
30 
3 4- 

-- --->L--- 
L/D 

19 023 
27.78 
20.co 
10.00 
6.06 
3.92 
2.77 
2.11 
1.85 
1.63 
1.53 

x 1; 
ref r r cd 
t o  e n t i r e  
5 i s k  area 

G. 0386 
0 * 0400 
0.9)432 
0.0535 
0.07?10 
0.1133 
G.2930 
0. 55'30 
c * 7150 
0.8030 
I 1300 

__ -.__ - - 

fJ of La. c :  

KD 
ref e r r cd  
t o  e n t i r e  
d i s k  >,rea 

0.002(32 
0.00144 
0.00216 
0.00535 
0.01150 
e .  92900 
0.07400 
0.26200 
0.33700 
O 0 49 300 
007360G 

__._--._I-- 

m a t s  1 - 

G1 ide 
X2gl@ 

3 -  
dcg. 

_..- -- 
3 
2.05 
2.8 
E. 7 
9.4 
14.3 
20.1 
25.5 
28.4 
31.5 
33.2 

t tog i ro .  

I /---;- 

Thesc f i g u r e s  i n d i c a t e  ex t raord inary  p s s i b i l i t i e s  f o r  ob- 

l i q u e  cJ.esccnt with ct s k i l f u l l y  designed a indmi l l .  Thus i f  t h e  

weight of the a i r p l a n e  is  2000 pounds, t h c  E;.ngle of incidence 

2 deg., t he  g l i d e  angle 2.8 deg., and t h e  v e r t i c a l  component 

of v e l o c i t y  16 f t .  per s e e . ,  then from the formula 



wo f i n d  t?x,t P, windmill diameter of only 15.2 f t .  would be re- 

qui rcd .  If t h e  : . - tcLqcst  p o s s i b l e  pcth were uscd, and t h e  m g f e  

of incidciice on the  z l idc  were 34 cleg., a dizmeter of only 30.6 

f t .  Taould be requi red ,  and we ~ o u l d  then havc c?,n a i r p l a n e  nhich 

could lnnd i n  a ho r i zon ta l  at-ti-kiude on the  worst and sr;lrzll-cst 

terrain, i.rd corle t o  r e s t  clmost irmriediately. 

O f  cocrse ,  very g r c z t  d i f f i c u l t i e s  may be encountered i n  

convcrti:ig ~2 normal l i f t  iiig airscrew i n t o  a n iadmi l l  by ms'nan- 

i c a l  methods. 

f o r  t h e  1 i f t i : y  airscrevf n ight  be  fcr from t h e  b e s t  f o r  tiic 

t.rindmil1. 

thorough ticrodTp-amic ycsccrch. 

The best ? l e n  form m d  blade-?ngle s e t t i n g  

The p r o d x t i o - n  of a compromise des ign  !-;.ill necd very 

V .  F o r m r d  Speed and Eff i c i ency  i n  Horizontal  F l i g h t  

tft has been shown by seve ra l  i n v e s t i p . t o r s  t h a t  f o r  a siveen 

torque  ~~16. 3.2.E., t he  thrust ;tI.ony t h e  a i r screw axis i nc reases  

with fo ina rd  speed. Froin t h i s  it has been a rLged  t h a t  a he l i -  

coptar  ~ o u l d  Se extreniely e f f i c i e a t  i n  forward speed. This i s  

based on f a u l t y  anal-ysis.  

problem i s  aga in  t o  t r e a t  the  a i r sc rew zs a l i f t i n g  suyface, 

and t o  consider  work &one i n  overcoming forward r e s i s t a n c e ,  as 

we l l  as the work done i n  imparting t h r u s t  t o  t h e  airscrew.  

The best nethod of approaching t h e  

Oilrand rzuc? Lesley! s Exyeriments* a t  Zero I incidence f o r  - ---- 
Plane of  Rotation: A large number o f  p r o p e l l e r s  were t<cs ted  by  

* TL?sts on A i -  2ropee'lers i n  Yaw, W. F. DuranG and E.  P. Lzsley,  
?!at tona l  Advisory Cormi-ktce f o r  Aeronautics,  Technical Report 
No. 113. 

--------- 
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thcse i n v e s t i g a t o r s ,  with the  a x i s  of r o t a t i o n  e.t 90, 85, 20, 

70,  and 60 dcg. t o  the r e l a t i v c  wind, wi th  t h c  a x i s  incliliccl, 

i n  a l l  bu t  t h o  f i r s t  case, i n  such a imnncr as t o  produce for-  

ward th rus t  c o e f f i c i e n t s  a long t h c  a x i s ,  and: t o q u e  c o e f f i c i -  

e n t s  %-ere obtained;  no allowance was xade f o r  1-atcral r e s i s t ance .  

It i s  convenient t o  introtiucc here %n exqression L/Da f o r  

t h e  L i f t / d r a g  r a t i o  of a n  a i r screw working i n  a s i d e  wind. 

Where l a t e r a l  r e s i s t m c e  i s  ncglccted,  

and s ince T = T, n2 D4 and Q = Q n2 D 5 ,  C 

A s  a genera l  ru le  i t  was found th2t tire r a t i o  Tc/Qc in- 

creased considercbly i n  going f r o n  sxiall va lues  of V/@ t o  

t h e  12,rps-t einployed i n  thc? t e s t s ;  far sorflc propel le rs  tilts 

r a t i o  vas !xorc thm dou’olcd. 

t h e  vz lue  of L/D, would inc rease  y r e c t l y  with inc reas ing  

v a l u c s  of V/mD. But i t  is  impossible t o  imazine t n a t  T,/Qc 

would- i nc rcmc  i n d e f i n i t e l y  with 

I.icglecting l a t e r a l  r e s i s t a n c c ,  

V/ i iG,  and t h e r e  a r e  p r a c t i c c l  

l i m i t a t i o n s  t o  the value of V/nD i n  an a c t u a l  he l i cop te r .  

F o r  our purpose, which is  nierely t o  amroximate  t o  va lues  of 

forward e f f i c i e n c y  on a bzsis of i n s u f f i c i e n t  c x p ~ i i i e : i t c l  dnta ,  

i t  i s  su f f i c i e i i t  t o  cons ider  LID, f o r  a few p r o p e l l e r s  a t  t h e  
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h ighcs t  V/n9 t e s t e d .  ( s c c  Ta'olf: X I I )  . Propel le rs  of l o n  p i t ch /  

d i e n e t c r  rF.tio seem t o  come off S e t t e r ,  bu t  t h e  

are poor  even when the  l a t e r 2 1  r e s i s t a n c e  i s  neglected.  

L/Dz vclues 

? i t c h  Kiphest 

P rope11 e r  rat i o  t e s t e d  
L/D ( L/D,) diameter  V / ~ D  * c  QC 

5 0.7 1.190 0.2610 0.01945 4.07 2.13 
9 0.5  1.301 0.1842 0.00779 4.90 3.76 

139 0.3 0.423 0.0936 0.00346 1.83 4 . 3 0  
146 0.3 1-333 0.1540 0.00455 7.15 5.38 

Relf's Experiments cut Zero Incidence.* These experixents  

were l ikewise  et  90 de$. yaw, o r  0 cLeg;. incidence for t h e  plane 

of, r & a t i o n ,  wi th  a two-blzded 2--ft.-diameter propeller of' 2 f t .  

p i t c h .  L a t e r a l  r e s i s t a n c e  was not taken  i n t o  account.  TYO rep- 

r e s e n t a t i v e  results z r e  given in  Table X I I I .  

Tab1-e X I I I .  Relf's Experircents a t  0 dep. Inci2ence. 
.- -___ 

Wind speed Thrust T L= T X V  
f t .  per see.  R.~>.:L V / ~ D  lb* Horsepower D, 550 V 

20 7 50 0.8 1.0 0.032 1.13 
40 7 60 1.6 1.22 3. '336 2.45 

RiabouchiEskgl s Zxperinents** a t  Zero Incidence.  Riabou- 

chinsky i3Xperimented with a smzll a i r sc rew of only 25 cm (10 i n . )  

diameter,  end EL pitch/dia,-meter r a t i o  of 0.75, z t  0 deg. inti- 
...* ,,Test of e Propol . ler  TTTith i-ts Axis of Rotat ion a t  Right Angles 
t o  t h e  'Jind. D i r e s t i o n ,  E. F. R e l f ,  E&M 265. 
* *  8 u l l e t i n  clc 1' I n s t i t u t  kerodynmiquo de  Koutchino, .Rw, .2 ,  
D. Riabouchinsky, 

- 



'7' incl spe ed 
m p e r  sec .  

V 

3 
6 
G 

Thesc 

r a p e s .  

fT 

8.6 
17.5 

7.9 

1.39 0.0076 0.0112 O.CG140 2 .03  1.413 
1.57 0.0307 0.0346 O.'i9663 2.18 I-. 48 
3.20 0.0139 G.0139 0.S0411 3.44 ?..26 

r e s u l t s  do not  Eeem -very 2romising for t 3 e  e f f i c i e n c y  

of a h e l i c o p t e r  --hen ope ra t ing  with 31anz r o t a t i o n  a t  zero  an- 

gle of incidence,  but t h e 7  were not obtained- from modern pro:mi- 

l e r s  iiisbouchinskyf 6 e q e r  i;;icnts are i n t e r e s t i n g  i n  shouing 

t h e  consicicrable value of t h e  l a , t c r a l  r e s i s t a n c e ,  p a r t i c u l a r l y  

cs  of V/-r,D. They put us on p a r d  a g a i n s t  espcct- 

i ng  high e f f i c i e n c i e s  i n  forward f l i g h t  7:jiiith t h e  a x i s  of ro ta -  

t i o n  incli i ied so as t o  Drodlslce a coixponeiit of t h r u s t  i n  t h e  

d i r e c t i o n  of f l i g h t .  

Horizontal  F l i q h t  7r;ith ? l am of 8 -3 ta t ion  Inc l ined  a t  a 

EjeRatiVe Aiz f f l e  t o  t h e  F1ic;;h-t l a t h .  

descr ibed ,  i t  would a,ppear tkat  on ly  low 6ff ic ic r icy  can S e  sc- 

From t h e  experiments just 

\ 
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c u r d  in hor i zon ta l  f l i g h t  rnit'n. t h e  p lane  o f  r o t a t i o n  p a r a l l e i  

t o  the f l i X 3 - t  path.  If t h e  pro2e;ler i s  aork ing  i n  yaw o ther  

than  90 der. ,  azd t h s  forivard component o f  t he  t h r u s t  and t h e  

l a t m z l  r e s i s t a n c e  a r e  both neglec ted ,  t h e  expression f o r  L /Da  

99 
85 
80 
70 
60 

QdI54c) 
'341243 
3.0977 
3. G339 
0.00665 

Q C  

9. CG.1-55 
0. e3539 
0.00436 
0.00402 
0. uc372 

'7.15 
4.40 
3.90 
1.59 
3.34 

If t5e f c rva rd  com3oncnt o f  t h e  t h u r s t  is t aken  i n t o  ac- 

countI  t he  ex2ression for L / D ,  becomes 



Angle 
of yaw 
deg. 

90 
3 5  
89 
70 

Table X V I .  

K i phes t 

t e s t  cd 
v?nD 

1. 333 
1.. 201 
1.267 
1.262 

7.15 
7.42 
12.50 

S e d 3  

The expres$sion L/Da c i ? ~  be brought i n t o  d e f i x i t e  coi:T?ari- 

son with L/D,, which  ill be used t o  denote  t h e  L/D of an  

a i r p l a n e  ning. 

Thus for an a i r p l a n e  we can w r i t e ,  i f  $ 

o f  the p r o p e l l a  and Rp the  p a r a s i t e  r e s i s t a n c e ,  

i s  t h e  e f f i c i e n c y  

F o r  t h e  h e l i c o p t e r  we can w r i t e  

For  t h e  same power P and weight W, i n  order t o  hz-ve 

t h e  s a l e  v e l o c i t i e s  f o r  a i r p l a n e  and h e l i c o p t e r ,  

must equzl (" i, Rq , L / D a ,  o r  L / D a  = L/Dn [ 1 - ( P  - Pr?)  ] I n  2 - BpV 

o t h e r  words, L/Da can be l e s s  than L/DITJ -to secure  t h e  s a ~ i e  

e f f e c t .  

We can now get an  idea  of t he  probable  e f f e c t i v e n e s s  of 

t h e  a i r sc rew i n  forward flight. 

There el-eetwo e x t r e m  Gases: (1) n'nere t h e  l a t e r a l  r e s i s t -  
t 



aace of t ? e  e i r sc rew b - l s n c e s  i t s  fosvvard component; and ( 2 )  

where tke  fcrmard: component i s  un&iaiinished by l a t e r a l  resist- 

With ar, a u x i l i a r y  -pro:iclleT the re  rvould_ be c f f i c i e n c y  l o s s c s  o f  

t h e  usuel type i n  t l i o  r u x i l i a r y  propel-lcr i t s e l f ;  and t h i s  zd- 

vantage 7.vould disep;:,e?,r. Grantee t5a-k ai: irrclincd a i r scren  i s  

mensions, 5y i : : idi . - i lL a c t i o n  Oi? oblique dcsccnt ,  s o  as t o  kave 

high vc?.lu=s of T 7 / j 9 ,  t'iie::e i s  no reason t o  doubt t h a t  fa i r  

spescis cod.& Se secured- m i - b t h  2. h e l i z o p t  e r  sat i s f a c t o r y  i n  

o the r  resnec ts .  
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For  exam?le, if it were p o s s i b l e  t o  b u i l d  c he l i cop te r  

tvei,zhing 2500 lb., wi th  200 HP., e-nd an equivalent  p a r a s i t e  re- 

s i s t a n c e  of 15 sq.ft.  (more t b , n  tlnat of t h e  DY4 a i r p l a n e ) ,  

and t o  'have L/D, = 8, s o l u t i o n  of t h e  equation 

2500 V 
(200 X 550) - 0.C453 V3 

ox 8 = L/Da = ' S Y V  
P - 'ip 8' 

would give  appso:;im;?tely a sDeed of 115 f t .  pcr see .  o r  78.5  

I:. i?. 3. 

Estimates  of E f f i c i ency  by  Idargoulis 2nd Case. Margo7,ilist 

vicws on ?sirscreT*Ts, w i t h  no motive power suppl ied t o  t h e  shaft 

f r o m  ;3,n external source, are based on c a r e f u l  experiyxmts. H i s  

es t imztes  f o r  L/D f o r  power-drivcii c i r scrcws  arc based- on a 

s e r i c s  of  u n s a t i s f a c t o r y  a p p r o x i m t i o n s  mid in te rpola t i .ons  from 

t h e  r e s u l t s  of var ious  l a b o r a t o r i e s .  Ee f i n i s  m a x i m u m  L/D t o  

b e  only  1 . 7 ,  with Y := 60 d-cg., 

regarded. Case* has ciesigned a nunbar of propc!.lers on t h e  

simple blsde-element theory and c a l c u l a t e d  t h e i r  e f f  i c  iensy, 

f o r  an aL!gle o f  lC, deg. between the  f l i g h t  pa th  . a d  the p l ane  

of r o t a t i o n .  

0.3, V/-nD = 20, D = 43 f t . ,  n = 1.46 r .p . s , ,  he fouad an 

e f f e c t i v e  L/D, of s.7. 

dence 5 deg. along t h e  blacle, when x s e t i n g  the  forward 7 : j i : i d  a n  

L / D a  of  approximately 3 is  deciucible f r o m  Elr. Casets  c a l m l a -  

t ions  

* Yel icopters ,  John Case, A e r o n m t i c a l  Journal ,  Cetober, lZ22. 

b u t  t h i s  nced ilot b e  s e r i o u s l y  

With a four-bladed screw of pi tch/diameter  r a t i o  

ay m k i n g  t h e  e f f e c t i v e  ang le  of inc i -  

- -- 



It i s  0-oubtful whether f o r  the zomyliczted and va ry ing  con- 

d i t i o n s  uild-er which t h e  'nelicoF'Ger a i r s c r w r s  must work when in- 

c l i n e d  t o  t h e  s i d e  wine, ca lcu la , t ions  base6 on t h e  simple blade- 

element t hec ry  mill give  acc'urate r e s u l t s .  €3ut still t h e s e  

c a r e f u l  c;Ll.culations &re ? leas ingly  i n  azreement with hyaotheses 

based on expcr inenta l  va laec  b 

Tb.e eleriien-kuy blade-element condi t ions  f o r  va r ious  p o i n t s  

i n  t h e  r evo lu t ion  of -Ihe ?irscrevv a r e  very complicated. 

d-esigp cf an a i r s c r e s ,  t o  yfve t h e  bes t  r e s u l t s ,  m-ould evic-ently 

be a b i f f i c t i l t  proposi t ion4 It i s  d-oubtful i f  t h e  inc l ined  

h e l i c o p t e r  ai?screw czn be  made as e f f i c i  t as t h e  combination 

of grropulsive scrcw an2 l i f t i n g  wing of t h e  a i r p l a n e ,  bu t  it 

m u s t  be coneiderrci t hz t  in t h e  jncliaed-screw h e l i c o p t e r  theke 

i s  0:iI.y o m  t r zns fo r rmt ion  of eiiergy; i n  t h e  a i r p i a n e  the re  a r c  

two such t r ans fo rma t iocs .  

The 

V I .  S t a b i l i t y  and Cor,trol 

S t a b i l i t y  i n  V e r t i c a l  KovzrnenLand V e r t i c a l  Winds. This 

f i r s t  ?ro'blern i n  t h e  r t a b i l i t y  of the k e l i c o p t e r  involving sta- 

b i l i t y  i n  v e r t i c a l  aiovement and v e r t i c a l  ainds, has been ve l1  

t r e a t e d  by Fase." 

t e r i s t i c  zurves  p l o t t e d  a s i n s t  V / n D .  FTom t h i s  i t  follows 

t h a t  if it dovm T s t  h i t s  2 hovering heliccjpt'er, i t  w i l l  b e  i n  
* Sone 3 q e r i m s n t s  on  L e l i c w t e r s ,  A .  Fage and E:. 3 .  Ccll i i is ,  
E r i t i s h  ALivisoly ic/,;?rjittec fer Aeromut ics ,  331; Airscreil.rs 
i n  Tilecry and Z:,:pe;:imelrt, A .  Faqe. 

In  F i z .  8 a?e shovn t-ypical p r o p e l l e r  charac- 

-- - ----- --___ ~ - 
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t h e  reg ion  of p o s i t i v e  V/nD,  

up a l i t t l e  as  Qc diminishes ,  T, vi12 diminish more r q i d l y ,  

t h e  t h r u s t  w i l l  decrease,  and t h e  machine w i l l  descend. If t h e  

down Zust ceases ,  the he l icopter .  w i l l  work i n  a r eg ion  of iiega- 

t i v e  V/-m and t h e  th rus t  w i l l  i n c r e a s e  accordingly,  equi l ib-  

rium being r a p i d l y  r e s to red .  

cop te r ,  i t s  airscrew will b e  working i n  a region of nega t ive  

V/nD, a-~d the t h r u s t  w i l l  increase  accordingly.  If t h e  up 

gus t  i s  very  v i o l e n t ,  howeTY'sr, so  t ha t  t h e  nega t ive  

and while  the engine w i l l  speed 

If  a n  a p  gust s t r i k e s  tile hc l i -  

V/nD i s  

numsricz.lly larze, t he  t i r u s t  c o e f f i c i e n t  ail1 decrease  and-  t h e  

rimchine imy Crop. (Th i s  i s  c o t  u n l i k e  t h e  keliavior of an  air- 

p lane  i n  - b ~ e r t i c ~ v i  g u s t s . )  81.~0, i f  f o r  so.me reason, t he  he1.i- 

cop te r  shoirld descend r a p i d l y ,  i t  1m.v roach the c o n c i t i o n  of 

l a r g e  negat ive  V/nD and drop r;.ith increa.sing ve loc i ty .  mi- 
d e n t l y  t h e  p i l o t  aill kave t o  witch his t h r o t t l e  v e r y  c a r e f u l l y  

i n  v s r t i c a l  ri;Lneuvers. S u t  v i t h  - 2 ~  cngins rcs?onc;iing r e a d i l y  - 
t o  t h e  t h r o t t l e  or  FL var i ab le -p i t ch  p r o p e l l e r ,  no th ing  s e r i o u s  

need b~ fecred. 

Dihedra1.s i n  t h e  -- Eel i cop te r .  Karman (Figs. 1 6  and 1 7 )  has 

shown ti=$ a h e l i c o p t e r  with two screws r o t e t i n g  i n  oppos i te  

d i r e c t i o n s  End placed above t h e  cen te r  of PTavitjs i s  l i k e l y  t o  , 

be uns tab le ,  whether the screws ? r e  coaxia l  o r  s ide  by s ide .  
?'? 

But an a i r p l a n e  r i n s  of i t s e l f  is not s t a b l e ,  nnd i t  does not 

s eex  fa i r  t o  dcrimd t'iiat a h e l i c o p t e r  should be s t ab le  withcrut 
* Loc. cit;. 
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some s p e c i a l  arranzernent of t W  a i rscrews .  It seems p o s s i b l e  

t o  secure s t a b i l i t y  e i t h e r  l o n g i t u d i n a l l y  o r  l a t e r a l l y  by the  

u s e  of  d ihed ra l  angles  between the p l anes  of r o t a t i o n  of two 

airscrews.  If t h e  he l i cop te r  i s  s l i g h t l y  t i l t e d  f o r  some 

reason or m o t h e r ,  t h e  r e s u l t a n t  of the  two thrusts will no 

longer  be v e r t i c a l :  t h e r e  will be a s i d e  component i n  t h e  d i -  

r e c t i o n  of t h e  t ilt  and a l a t e r a l  movement i n  t h a t  d i r e c t i o n .  

But Duranr ai& Lesley* have shown that  when 'a i rscrews a r e  

p laced  v:ith t h e i r  p l anes  of r o t a t i o n  obl ique t o  t h e  wind, t h e  

c o e f f i c i e n t  of thrust  becomes snzalier than  the c o e f f i c i e n t  of 

thrust alien the  p lane  of rotat i ion w a s  p a r a l l e l  t o  t h e  wind. 

The inclinec! screw has i t s  p l ane  of ro 'cztion i n c l i n e d  t o  the  

l a t e r ' z l  motion, an& t h e r e f o r e  has less thrust .  A r i g h t i n g  no- 

inent i s  introduced thereby. Dr. De Bothezat,  i n  b u i l d i n g  his 

h e l i c o p t e r ,  bad four l i f t i n g  screws disposed w i t h  a longi tudi -  

n a l  and l a t e r a l  d i h e d r a l ,  and ev iden t ly  had t h i s  p rope r ty  i n  

mind. From u n o f f i c i a l  repor t s  i t  i s  cl.ear tha t  h i s  machine 

was s t a b l e .  

e 

It n igh t  be  p o s s i b l e  t o  secure both  l a t e r a l  and longitud$- 

n a l  dihedrals b y  t h e  ~ s e  of only t h r e e  l i f t i n g  screws s u i t z b l y  

arranged. 

f f  two coaxia l  screws m e  used, it might b e  poss ib le  t o  

secure t h e  necessary d i h e d r a l s  b y  t h e  use of a third o r  auxi l -  

i a r y  z i r scrcw.  ii'hether a ciihedrel e f f e c t  i n  a s i n g l e  a i r screw 
I 

can b e  secured by p lac ing  t h e  'slsdes a t  a-n upward zngle  t o  the  
* National Advisory Committee f o r  Aeronautics,  3Ccport 113. 



a x i s  of rotz-t ion,  i s  an open quest ion.  

Dr,ming i n  the  X e l i c o p t q .  Dihearals i n  t h e  he l i cop te r ,  

j u s t  as i n  t h e  a i rp l ane ,  s i v e  s t a t i c  r i g h t i n ?  aoments, but d2-q- . 

i n g  w i l l  z l s o  be  p re sen t ,  even i f  no d ihedra l  is  embodied iii: 

t h e  design. If ~l h e l i c o p t e r  i s  r o l l i n g  i n  such f a sh ion  that 

one a i r screw r i s e s ,  i t  can be s5en from t3e  curves of F i g .  8 

that  i t s  thrust diminishes;  s imi l taneous ly  t h e  thrust of t h e  

o the r  a i r sc rew w i l l  i nc rease .  There should. %e, t h e r e f o r e ,  ?-_amp- 

i n g  i n  e i t h e r  roll or  p i t c h  f o r  both three-screw and two-screw 

he l i cop te r s .  It l.s a qces t ion ,  however, whether a txo-screw 

coax ia l  h e l i c o p t e r  would provide damping. 

Fins  $0 Give Equivalent of the Dihedral. S ince  i t  is ad- 

v i s a b l e  t o  keep t h e  number of l i f t i n g  screws down t o  a minirfium, 

t h e  p o s s i b i l i t y  of  u s i n g  f i n s  imied ia t c ly  c q g c s t s  i t s e l f .  I n  

r ap id  forward f l i g h t  t h e  use of f i n s  should ’02 e f f e c t i v e ;  i f  

two coaxial  screws a r c  employed, one TTcrtical f i n  placed high 

above the center  of g rav i ty ,  v i t h  i t s  p lane  p a r a l l e l  t o  t h e  l i i i e  

of  f l i g h t ,  would be  a n  e f f e c t i v e  s u b s t i t u t e  f o r  t h e  l a t e r a l  di- 

hedra l .  

p lane  of r o t a t i o n  of t he  l i f t i n g  scrcws might be an  equ;,lly good 

s u b s t i t u t e  f o r  t h e  long i tud ina l  d i h c 6 r s l .  

faces i n  r ap id  formard f l i g h t  nould not have t o  b e  of undclly 

large proport  ions.  

A s t ab i l i ze r  p laced  a t  a nega t ive  d i h e d r a l  t o  t h c  

These a u x i l i a r y  sur- 

But i n  hovering f l i g h t  and! v e r t i c a l  ascent  o r  descent  such 

a u x i l i a r y  s u r f a c e s  would- he  aladst useless. For  ins tance ,  if 



rve imagine t h e  coaxial  screw h e l i c o p t e r  i n  v e r t i c a l  a scen t ,  n i t h  

a. h o r i z o n t a l l y  disposed s tab i l izer ,  t o  p i t c h  s l i g h t l y ,  t h e  h o r i -  

zon ta l  s tabi l izer  waul-d be sca rce ly  a f f e c t e d  by t h e  s l i g h t  

p i t c h .  S imi la r  cons idera t ions  m u l d  apply i n  regard t o  v e r t i c a l  

f i n s  used as a s u b s t i t u t e  f o r  lateral- d ihedrp l .  In  v e r t i c a l  

a s c e n t  o r  dcsceiit t h e  problem is somswhat e ~ s i e r  t h m  for hov- 

e r i n g ,  but m e n  i f  placed i n  t h e  s l i p s t r eam the  a u x i l i a r y  sur- 

f a c e s  would havs t o  Se enormous t o  b e  e f f e c t i v e .  I n  a l l  prob- 

a b i l i t y ,  i€ diheclrals between t h e  l i f$ i r ;g  screws a r e  not  pres- 

en t ,  r e l i a n c e  w i l l  be placed on s k i l l e d  a c t u a t i o n  of t h e  con- 

t r o l s .  

D i r ec t i o n a l  S tab i l  it y. So- call ed '1 d i r e c t  ional. st ab.il it y, 11 

more proper ly  14wea the rc~ck  & a b i l i t y "  has t o  Be considered f o r  

t h e  he l i cop te r  j u s t  as f o r  t h e  a i r p l a n e .  Xn t h e  a i r p l a n e  weath- 

er c oc k s t sb i 1 it y is r e a d i l y  secured b y  a preponderance of f i n  

a r e a  a f t  of t h e  center  of  g a v i t y .  P rope l l e r s ,  wbethsr propul- 

s f v e  o r  e i r p l a n e  p r o p e l l e r s  o r  l i f t i n g  a i r sc rews ,  mag be con- 

s ide red  as f i n s .  I n  rapid forward f l i g h t  t h e  f i n  t?,ction of t h e  

p r o p e l l e r s ,  whether two o r  four  l i f t i n g  screws were used, wou-ld 

b e  conccntrated approximately at  t h e  center  of g a v i t y ,  an& 

comparatively l i t t l e  power would be requi red  of a, v e r t i c a l l y  

disposed f i n  t o  ob ta in  tlwea,thercock I n  hovering 

and! v e r t i c a l  ascent  o r  c?escent it would a c t  fzr l e s s  gowcrful ly ,  

and r e l i a n c c  would probably hzve t o  be placcd on a ,uxi l ia ry  

s t e e r i n g  propel lers ,  and manual cont ro l .  
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. The above treatment o f  

s t a b i l i t y  i s  obviously s u p e r f i c i a l .  I t  seecis t o  t h e  au tho r  

that  p r i o r  t o  t h e  b u i l d i n g  of f u l l - s i z e 6  h e l i c o p t e r s  a grea t  

deaf of ‘ t h e o r e t i c a l  a - m l y s i s  and vind-tunnel exyerimentation 

should b e  uzdertaken as r eza rds  s t a b i l i t y .  It seems r i d i c u l o u s  

30 expose h e l i c o p t e r  p i l o t s  t o  grea t  hazards i n  their  f i r s t  

p a i n f u l  e f f o r t s ,  v;hen i-;iti?z some p a t i e n t  :.Y.ind-tunnel work a P I -  

chine  f a i r l y  stable under all. condi t ions  might r e a d i l y  be 

evolved . 
- Control. The ques t ion  of h e l i c o p t e r  con t ro l  i s  one decided 

by p r a c t i c a l  r a t h e r  than  thcore t  i c a l  cons idera t ions .  There 

seems no reason,  however, qhy complete con t ro l  unaer all c i r -  

cumstances should not b e  more r a e d i l y  sccurcd than  s t a b i l i t y .  

F o r  rapid forward f l i g h t  t h e  requirements are not  u n l i k e  those  

of an a i r ? l ane ,  and systems of  c o n t r o l  r e a d i l y  sup_‘gest thc~i- 

se lves .  For t h e  a i l e r o n s  can bc substituted v a r i a t i o n  i n  p i t c h  
* 

o f  the l i f t i n g  aksc rews  on e i t h e r  s i d e  of t h e  l o n g i t u d i m l  

axis, or else movzble f i n s  o r  T l z t e s  placed i n  t h e  s l i p s t r e m  

of t h e  propellers. In forward f l i g h t  a v e r t i c c l  t a i l  ru6-2-cr 

woulfi b e  just  z s  e f f e c t i v e  as  02 t h e  a i rp l ane .  SO nould. 3-1 

c leva t  or .  

I n  hovering o r  v e r t i c a l  f l i g h t  a n  a x x i l i z r y  e l eva to r  air- 

scre-w xitI.1 var iablc:  OT even r c v c r s i b l e  p i t c h  would s3cm t o  be 

necessary,  as a l s o  a s t c e r i n g  3 i r s c r e y  - o r  s t e c r i n g  airscrews.  

The ques t ion  of c o n t r o l  ~ o u l d  s;em t o  of fe r  .c;ide scope f o r  
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invent iveness  2nd mechanical s k i l l .  

cop te r  c o n t r o l  i s  always l i k e l y  t o  be more oornplicated and less 

c e r t a i n  than that of an  a i rp l ane .  A d u p l i c a t e  system of con- 

t r o l s  - one f o r  forward f l i g h t ,  one f o r  hovering - might con- 

ce ivably  ,be necessary.  Descr ip t ions  of machines which fol low 

P e r f e c t l y  realizable,  h e l i -  

i l l u s t r a t e  it. number of p r a c t i c a l  forms of con t ro l .  

V I I .  Some Kodern Hel icopters  

Ber l ine r  Kel icopter .  An e e r l y  form of t h e  Ber l ine r  h e l i -  __ 

copter  was descr ibed  i n  Mechanical Enginzering f o r  September, 

1922, 

e n g i m  d r i v i n g  two moderzte-sized l i f t i n g  a i r sc rews  on e i t h e r  

s ide  of t h e  fuse lage .  Lateral c o n t r o l  w a s  secured by t he  use 

of t h r e e  movable f i n s  under each of t h e  p r o p e l l e r s ;  and longi-  

t u d i n a l  c o n t r o l  by a small va r i ab le -p i t ch  p r o p e l l e r  a,% t h e  

r e a r  of t h e  fuse lage .  

and rudder i d e n t i c a l  w i th  those of a n  a i r p l a n e  were provided. 

Succcssful  s h o r t  f l i g h t s  were achieved. 

It was of the  s implest  p o s s i b l e  form, w i t h  a 200 I@. 

A hor i zon ta l  s t a b i l i z e r  and e l eva to r s  

Q u i t e  obviously,  B e r l i n e r  was n o t  s a t i s f i e d  w i t h  t h e  s a f e t y  

of h i s  c r a f t  i n  case of engine f a i l u r e ;  and i n  h i s  next des ign  

sought t o  provide  t h e  a b i l i t y  t o  g l ide  by embodying wing sur- 

f a c e s  i n  t h e  s%ructure .  It now became a he l icopter -a i rp lane .  

Out l ine  drawings and photographs of t h i s  machine are shomn 

i n  Fig. 9." 

* Wotiznrio di Aeronautica, No. 5, Nay, ,1924. 
1 i n e r  Modif i c a t o  

- 
E l i c o t e r o  Ber- 
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The B e r l i n e r  h e l i c o p t e r  i s  now provided wi th  a convent 

a l l y  t ru s scd  t r i p l a n e  wing surfz'ce 2nd two l i f t i n g  p r o p e l l e r s ,  

which l c t t e r  also provide forward +,hrust on i n c l i n a t i  

e n t i r e  c r z f t  . 
wi th in  the  x i n g  su r fzces  and t h e  i n t e r p l a n e  struts.  

The t ransmission s y s t  ern i s  c a r e f u l l y  enclosiicd 

The system of control. i s  complete. A s l i g h t  warping of the 

ivings can br: produced by a s p e c i a l  c o n t r o l ,  whereby the a x i s  of 

t h e  l i f t i n g  u r o p c l l c r s  can be  i n c l i n e d  a t  d i f f e r e n t  angles  t o  

t h e  l i n e  of f l i g h t  on e i t h e r  s i d e  of t h e  machine; so  that a 

t u r n i n g  couple can be  obtained.  

motion, the  p i l o t  regulates a va r i ab le -p i t ch  F r o p e l l e r  placed 

a t  t h e  t a i l  end of t h e  machine, s o  a,s t o  raise t h e  t a i l  f rom 

the ground. 

h e l i c o p t e r  l ezves  the ground. 

f u r t h e r  i n c l i n a t i o n  of t h e  a x i s  of the l i f t i n g  p r o p e l l c r  u n t i l  

a forward component of  t h e  thrust is  obtained, with r e s u l t i n g  

forward speed. La te ra l  equi l ibr ium i s  maintained by a system 

of movable f i n s  placed below t h o  d i s k  area of t h e  p r o p e l l e r s .  

It can be seen  that the system of c o n t r o l  i s  f u l l y  ope ra t ive  

With t h e  l i f t i p g  p r o p e l l c r s  i n  

Under t h e  a c t i o n  of t h e  l i f t i n g  propel.lcr t h e  

The r e a r  propcl.l.er permits the  

whether i n  forward f l izh t  o r  hovering f l i g h t  o r  v e r t i c a l  move- 

ment. 

If t h e  l i f t i n g  p r o p e l l e r s  become inopera t ive ,  e i t h e r  owing 

t o  damage o r  engine f a i l u r e ,  t h e  m c h i n c  becorics a gl i f ier .  

t h e  g l ide ,  wind-tunnel experiments seem t o  i n d i c a t e  a bes t  

- of only 4. 

On 

L/D 

On the  g l i d e ,  warpins of t h e  wings t a k c s  care  of 



l c t e r z l  con t ro l ;  an ordinary  ru2C;dler and e l c v a t o r  a c t  i n  t h e  vs- 

ual :m.zlncT 

The gross Teight cf t h e  rxishinc r i t h  ;2ilot and fue l  f o r  a 

tnenty-inixut e f l i  n t  is zbout 1950 lb. Ths cngine is  a Sent ley  

Rottiry 2odel- 2 ,  r.,ir-coolzd, providing 220 HP. riVt 1200 I?. P. E- 

The l i f t i n g  p r o ? e i l c r s  t u r n  a t  ;-bout 560 'RgP.:.5. end h w e  a di- 

ameter of 1 5  f t .  Th2 r p m  of the wings is 39 f t .  a:id t h e  chord 

i s  approsiili~tecly 1 ft. 11. :n. The ovs ra l l  l m g t h  i s  20 f t .  6, in. 

and o v c r z l t  he ight  cSou t  G f t  . 6 i n .  

AccorCi.ng $0 r q J o r t s  of  t h e  I t a l i z n  A i r  i i t taehd i n  Wnshing- 

ton,  tile m c h i n e  makes 0111-y a 2zir  :<ctzTxay. The .mneuversbil- 

i t y  stem s a t i s f a c t o r y ,  and t h e  z i r c r a f t  rcsoond;s vel1 t o  the  

con t ro l s .  I n  n i;?odcri?te bu.t i r r e g u l a r  I:Jind tnc  o s c i l l a t i o n s  

ap-penred important.  The Hcr l incr  h e l i c o p t e r  i s  s t i l l  i n  cn  

expcrinent;,l form, but it has d e f i n i t e l y  zchicvcd v e r t i c a l  

f l i g h t ,  end conplc tc  frcedom of evgl,u.tion. I t s  a b i l i t y  t o  

g l i d e  i s  c a  irnportmt f a c t c r  c s  regards s z f e t y .  The maximum 

durat ioi i  of f l i g h t  achicvcd so  far a p p c z s  t o  be 1 min. 35 s c c . ,  

and t h e  h ighes t  a l t i t u d c  Z ' C X ~ C ~ ,  15  f t .  

--- Pesccr: Hel icopter .  T h i s  i s  shovm i n  F i g .  10. I t  has 

made so!;ie* excellent; f l izhts .  The apparatus c a r r i e s  tm six- 

bladed bi?l.me a i r s c r e v s  of 31. f t .  d imic t e r .  Thc er_gizc i s  a 

129 22. Le 2hor-e. xcxcuvering i s  e f f cc t cd  by riodifyinT t h e  in- 

ciderice of tlic blades 2.t any or,e 2 o i n t  i n  t h e i r  revolu t ion .  

* -  

No very relic2bl.e t echn ice l  i n f o m a t  ion  is a v a i l a b l e .  The con- 



t r o l  s e e m  v e r y  inconylct  e ,  and Pescara 'niriself has coriylzined- 

of th i s .  

I t  i s  very  i n t e r e s t i n g  t o  read i n  a recent  r epor t  of t he  

Fr ench Sec t ion  Technique d ~ d e r o n a u t i q u c ,  thzt t h i s  col;rFe'ccnt 

body p lnccs  f;ast r e l i a n c e  on the  h e l i c o p t e r  z i r p l a n c .  

now seems t o  be working o n  a mx'nine of this type ,  t c m e d  5 

"helicoplzd:?e. 'I d solzlenhzt skctchy d c s c r i p t i o g  of this des ign  

i s  z v a i l & l e :  

Pcscara  
/ 

This cicchine has u-pper aid lovJer wings revolvii iy i n  oppo- 

s i t e  d i r e c t i o n s .  

c lu t chcs  t o  a 300 HI?. ens ine  s i t u a t e d  immediaQely back of t h e  

They a r c  comected  through searing an$- 

wings 31" "ue fuse lcge .  Th i s  e-ctginc i s  ,-,bo cosnocted through 

a c l u t c h  throu@ a pusher p r o p e l l e r  nountcdr at t h e   rep^ e:i& 

of  t h e  fuse lage .  T!ie p i l o t  E i t s  inmediz,tsiy f o m a r d  of t i e  

u:ings. Tlic r a d i a t o r  i s  loc3,tcd i n  t h c  front end of the  fuse- 

lage. T5e necnine w i l l  weigh 350 kg ccpty, z n c i  1250 kg f u l l y  

loaded. Sur f rce  loaGing r : i l l  bc  zpproximxtcly 80 kg p c r  s c ~ . n .  

The x i r i  v e r t i c a l  d r i v e  shaft t o  the bc l icoplanes  proper teri-ii- 

n a t e s  iii t he  landing-gezr f o r k  support, m 2  t h e  v e r t i c a l  (kive- 

shaft housing nlone f o r m  t h e  :?,in support f o r  t h e  p lznes  

proper. 2 ~ ~ 1 1  countcrbalnilcing z i l c r o n s  :'re f i t t e d  -,-t t3c  ex- 

t r e n i t i c s  of th6  helicoplancs. Elevator ,  s t z b i l i z e r ,  md mddcr  

are 1:iountccci i n  conventional fashion.  

an  e x t r a  s t rut  t o  t he  la;?diyl,g (:xr propcs t o  koc;p t h e  pro;7ellZr 

anay f r o r  ground in t e r f e rence .  

T!ie t a i l  s k i d  is reczTly 

In orCer t o  s l i d e  t o  e z r t h  i i l  



case  t1.s engine s tops ,  Pcscar:: c l n i n s  that by va ry ing  t h e  p i t c h  

of t h e s e  he l icoplanes  and al lowing them t o  be  f r e e  t o  moTJe, 

they T i i l l  r evolve  i n  oppos i t e  C i rec t ions  while g l i d i n g  without 

power a-nri t h u s  inc rease  the g l i d i n g  d i s t a n c e  appreciably.  

De Rothezat Hel icopter .*  This i n t e r e s t i n g  machine i s  il- 

It  was f i r s t  flomn on October 19, 1922. lus t ra tec i  i n  F ig .  11. 

On Apr i l  17, 1923, v i t h  Colonel Tlnrrman 2. Bene 2 s  p i l o t ,  a 

four-man f l - igh t  mas rmde, 7 7 1 i t h  t h r e c  men hanging on t o  the 

machine. 

50 f l i g h t s  - no descent  :vith engine cu t  bcing ntternptcd, how- 

ever - 
Between these  tno dates t h e  ho l i cop tc r  has rcacic ov3r 

The De Bothczat h e l i c o p t e r ,  as i l 1us t r a . t cd  i n  Fig. 11, i s  

provided r - i i t l i  f o u r  l i f t i n ? ;  scrcyjs, each of 26$ f t .  dia,m:tcr, 

four-bladed, x i t h  x ide  hlncccs ( 5  f t .  t o m r C  t h e  t i p ) ,  g iv ing  a 

t o t a l  blade area of 900 sq.f t .  Alt!ioGgh cach b k d e  s c r m  7,?zs 

designed for a l i f t  of 1000 l b . ,  dynarnoineter t e s t s  Bere con- 

ductcdt up t o  LL t h r u s t  of 1500 lb. 

The x e i g h t  empty is  3400 lb., and. a use fu l  rrcight of 1COO 

lb. 32,s b , c ~  c a r r i e d .  The w i g h t  expty cxcccdcd o r i g i n a l  c s t i -  

mates comide rab ly ,  ils all neTT types of ,.;ircr=?ft z-rc boun6 t o  

do.  1Vhe1 the he l i cop te r  i s  i n  opera t ion ,  t:m-tiiirds of i$s 

:7ei@t is r o t a t i n g  and about  onc-t3ird only is  s t a t  ionasy. 

o v e r z l l  l m g t h  is 65 f t . ;  -6dtl1, 65 f t . ;  he ight ,  13 T t .  

The 

It :;Lzs bcefi equipped n:ith *hc 3.5.. 2 s t a t i o n a r y  air-cooled 

engine d-eveloping 230 Iip. , a 3-cylindcr 2/30 WP. Le Rhone Totcry 
* Aero Digcst ,  July, 1923; S1i;J StrCSJii, April,  1924; I n t e n a -  
t i o n z l  A i r  Congress, Loi?cZon, 1923. 

- - 

P 



TJ,..A.C.B. Technical ;;lernoranctum No. 340 48 

engine f a i l i n g  t o  g ive  s a t i s f a c t i o n .  

A c e n t r a l  frame iriember supports  t he  engine and fou r  out- 

wardly extending s t r u c t u r d  a r n s ,  built up of duralumin and 

s t e z l  tubiric. One 02 these arms con ta ins  t h e  p i l o t ’ s  s e a t  and 

eacn  supports one of  t h e  l i f t i n g  screws a”; i t s  oQter  end. 

The engine d r i v e s  a :?lain shaft and four j acksha f t s ,  t o  

each of T-rhicB i n  concected a t u r r e t  d r iven  through r i n g  and 

cen te r  2ezrhg; .  Tile en,Tine r?lso d r i v e s  two &bladed p r o p e l l e r s ,  

of the  ret -crs ible--pi tch type, oqe-beiny r o t a t e d  a t  each s i d e  

of t h e  p t l o t  an2 facing forward E O  as t o  g ive  a forward thrust. 

UnoI f i c i a l  r e p o r t s  i n d i c a t e  that t h e  De Botaezat helicop- 

t e r  was moderately s a t i s f o c t o r y  i n  c o n t r o l  ant?- s t a b i l i t y .  In 

t h e  four-mn f l i g h t  rr.en+iloned above, a m n  ivas hanging on a t  

t h e  extrec?e end o f  $he rcar a r m  with h i s  veight t o t a l l y  unbal- 

anc ed. 

We ;lave discussed in thc previous s e c t i o n  the  u t i l i t y  of  

t h e  6iheGral p r i n c i p l e .  This p r i n c i p l e  mzs mdoubtedly  used 

success fu l ly  ?:ere; Tzith the planes of r o t a t  ion of t he  l a t e r a l l y  

and ZonTltudinally d i syqe ,3  a i r screw at a d i h e d r a l  a,ngle to 

one another. 

The c o n t r o l  secured- was apparent ly  cornpyicte by rraking a l l  

the l i f J s ing  propellers va.riab1.e a,i-id. r e v e r s i b l e  i n  p i t ch ,  and 

by usilis the two ?in211 va,r iable-pi tch d i r s c t l o n a l  p r o p e l l e r s ,  

with axcs hor i zon ta l ,  p!.eLced on e i t h e r  s i d e  of t h e  fuse lage .  

1-2 order  t o  reverse the  p i t c h  of t he  b lades  of the  main 



Foraard ;;1otion vias agparent ly  socured b y  t i p v i n g  t h e  h e l i -  

'.?it,l t h c  v a r i a b l e  p i t c h  of the  four ail*screws, copter forwarb. 

l a t e r a l  3s well as l o n z i t u d i n a l  control was sccured. 

s i b i l - i t y  :if tippin,; t b c  hc l i cop te r  in.  any sense permits  i t s  

d isp laceacnt  bcing s f f e c t c d  i n  any d i r e c t i o n .  

The pos- 

*+"/;'file no n t t e q t s  a e r e  aaiie t o  l and  th2 h e l i c o p t e r  wit5 - i t s  

engine c r t ,  t he  design provided for r eve r s ing  the blades on Le- 

s c e n t  m c L  secuying v:ind-mill r e s i s t a n c e ,  ar,d also for a Teversal  

t o  nom21- ? o s i t i o - l  J u s t  be fo re  r ezch ins  t h e  .;round. 

D ~ i ~ L a ; i c  ;-icl..biopts;. . The Dzfiiblanc h e l i c o p t e r ,  while never 

f l o w s ,  5s .x i n t e r e ~ t i n g  desigx.  The m c h i n e  is shown i n  out- 



T.Yidtli ef fu.sela?;e 3.93 f t .  

Area, of h o r i z o n t s l  s t a b i l i z i n g  glams ( 2 )  86.00 s q . f t .  

10.75 " 

Total ,gross weight 2640 Ib . 
Power of  engines 110 a t  13.30 9.p.g. 

U s  e fu l  weight P i l o t  an6 gaso l ine  f o r  
half. an h o u r ' s  T1igh-t. 

ig h i s  paper before the Royal A e r o m u t i c a l  Society*, Dam- 

b lanc  gives gome very  iiit e r e s t i n g  f i g n e s ,  based on experience 

* The P~0'3l-c;z1 o f  t h e  Kel icopter ,  L. Damblanc, Aeronautical. 
-.__I ----__ .- ___---_ _I -_I_- 

JOUTnLl, Jzz~ws~-/, 1921. 
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and c a l c u l a t i o n  f o r  t h e  weight of  h i s  type of a i r sc rew - b u i l t  

i n  very similar fashion-  t o  that  of  an a i r p l a n e  wing. With a 

f a c t o r  of  s a f e t y  of  7 ,  he found that t h e  optimum diameter of a 

l i f t i n g  p r o p e l l e r  was about 22 .6  f e e t ,  'knd t h a t  t h e  weight of 

t h e  p r o p e l l e r  pe r  square f o o t  of sur face  was 1.43 l b .  

? 

Damblanc est imated t h e  h o r i z o n t a l  speed at 52 M.P.H., and 

the  i n i t i a l  climb at 10 f t .  pe r  see.  H i s  machine was wrecked on 

ground t r ia l s ,  and no f u r t h e r  experiments were conducted. 

Oohmichen Hel icopter . -*  This is a very cur ious  machine. 

While it has completed f o r  t he  f i rs t  time i n  h e l i c o p t e r  h i s t o r y ,  

a c i r c u l a r  k i lome te r ,  has made 450 f l i g h t s ,  some at  a he ight  o f  

35 f e e t ,  and i s  p e r f e c t l y  xaneuverable and s t a b l e ,  i t  does not 

seem poss ib l e  t h a t  s o  umch complexity w i l l  p e r s i s t  i n  t h e  con- 

s t r u c t i o n  of t h e  h e l i c o p t e r .  The machine i s  i l l u s t r a t e d  i n  

Figs .  13 and 14. 

The h e l i c o p t e r ' s  main s t r u c t u r e  i s  i n  t h e  form o f  a l a r g e  

c r o s s  with unequal arms. The longer  a x i s  i s  t h e  l o n g i t u d i n a l  

one and de f ines  the  d i r e c t i o n  o f  forward f l i g h t .  A t  t h e  four  

t e rmina l s  of t h e  arms of t h e  c ros s  a r e  placzd the  l i f t i n g  pro- 

p e l l e r s .  The long i tud ina l  p a i r  of  l i f t i n g  p r o p e l l e r s  a r e  25 f t ,  

i n  diarneter and t h e  l a t c r a l  pair  2 1  f t .  i n  diameter,  a l l  t u rn ing  

at  145 R.P.M. and dr iven  by a system of tubu la r  s h a f t i n g  from a 

Le Rhone 9-cylinder engine of  120 Kp. The engine i s  p laced  at 

t h e  cen te r  o f  t h e  cress, and on t h e  engine shaft i s  placed a 

gyroscope ( appa ren t ly  Lothing but a f lywheel ) ,  which has a 

W e s  Ailes, l '  February I ,  1923, and l lAvia t ion ,n  August 18, 1923. 
-- 

i 



LE C ie rva ' s  Autogiro.* L a  Cierva ls  zir1-tcSir.o i s  a most cur- 

chiiie, neither a he l i cop tc r  no r  a n  airolzne, >u t  -.iith a 

w i a d - r ? i l l  o p e r a t i n g  i n  a L a t  era1 wind provia in5  s u s t  cntatioii .  

The u r i n c i F l e s  o f  opcrat  i on  of the w i & i l i L l  Pavc alrcaay i32c11 

d c s c z i b d .  The ziachi9e i s  i l l u s t r a t e d -  i n  Fig. 15. T'ns h t o -  



liJ;'hile i3rcdictio3s i n  ;:ia.tters regard ing  %he h e l i c o p t e r  are 

-._. lc 0 slz, i t  i!-, E.-:c t o  sr,y that t h r e e  1-ines o f  development ai.e 

i s  such ail e x c e l l e n t  example, i s  2. thoroughly : x F c t i c a l  pcopo- 

s i t i o n .  Siiice di.csce%t wi th  engine dcaC is  t,zk%;i ci,re of by 

c i r p l a n c  uings,  conparat i v e l y  srml-1 airscrews x e d  'oe provic'.::C. 

 his :>ci;ns :eneral c o q p c t n e s s  of c ics ig ,  Iiigh vz-lum of ~ / m ,  
and u l t h z t e l y  good e f f i c i e n c y  i n  forward flight. Also, s i n c c  

d e s c e ~ t  i s  tz2ken c u e  of by g l i d i n g  ?lnnes,  the  main l i f t i n g  

screws dc\ n o t  need v a r i s b l e  p i t c h ,  nad t h e  mechanisin is rcCuced 

t o  a s i q l e  speed-reduction and power-transmission problen. 

Mechanical s i m p l i c i t y  is thus assured. This  t y p e  of  c r e f t  is 

not  so l i k e l y  t o  be very e f f i c i e n t  i n  v e r t i c a l  c l iEb ,  sine;.: i% 

w i l l  ~ L V ~  3- very  l a rge  wing surface r e s i s t i n g  upward motion. 

The clirii3 of a ~ i e l i c o ~ t e r - $ i r p l a n e  w i l l  be more analoyous t b  
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that  of an o r d i n a r y  a i r p l a n e .  On t h e  glide, i t  i s  not t o  be 

hoped - f o r  tpa t  t h i s  type w i l l  be as e f f i c i e n t  as it'll o rdkmry 

a i r91zne .  

than i n  tke k e l i c o p t e r  proper .  

~ h i l e  th:: most readily rc r l ized ,  may be said t o  depart from 

t h e  ic?;c=i conccption of 2" h e l i c o p t e r ,  vhich c m  rise v c r t i c c l l y  

w i t h  w,zc ~ n d  d.esccnd with engine cut ou t ,  e i t h e r  v c r t i c z l l y  

Or on c", very s t c c p  path. 

 in hovering,' more power i s  1i:cely t o  be  requi red  

The embined  he l i cop t  er-airplane,  

It mny be :L very va luable  c o r i r o x i s e  

betw?Ji:cn "sic c,irplanc 2nd t h e  hcl icoptcr  propzr.  

The i n u l t  ip le -  eagincd he l i cop t  c r  has never bcen ser ious ly  

attaclccd. Dam'wlanc' s "Aler ion ,  w i t h  i t s  two engines, each 

cap;Lblc o f  d r i v i n g  thc two sust:l,ining airscrcc~;~s, i s  t h e  nca.~"cst 

a p p r o x h  t o  such a type.  A machine i s  concciv5ble n i t h ,  s ay ,  

six s n z d l  independent power units. On dcscent ,  r e l i a n c e  could- 

t hen  %c p k c c d  e n t i r e l y  on t h e  power p lnnt .  The airscrews could 

t h c r c f o r c  be of  t h e  sm11 diiiienzio-ris ne2d-cd f o r  co iyac tncss  end 

e f f i c i m c y  i n  forward f l i g h t .  VariP.ble p i t c h  Tor t h e  main l i f t -  

i n g  s c ~ c w s  coulci be cli ininated.  

d i f f i c u l t i e s '  nr,d complications of i t s  own, but thE: type is :+.!ell. 

worth consider ing.  It should give  us t h o  c l o s e s t  ~uyY)roach ta 

t h e  i d e a l  h e l i c o p t e r ,  aid p o s s i b i l i t y  of  yood speed as well 3 s  

The mul t ip l e  power p l s n t  h z s  

c l  i;nb The a,erodynmic probl  egs would 'ae so:~ewhat minimized. 

The t h i r d  type is the one which has received noct a t t e n -  

tion. h i t k r t o ,  c u r d  sxch d.csi'g=s.s as t hose  of De Bothczat 2 ~ ~ 8  

Damblaiic chorfr t ha t  i t  i s  p r a c t i c a l l y  realrzable. It should be 

possible nith this type t o  secure  con t ro l ,  s t a b i l i t y ,  e x c e l l e n t  



v e r t i c z l  climb, hovering f l i g h t ,  mo6err.t e forward s p  

provie-cdl s u i t c b l e  v inc ia i l l  a c t i o n  czn bc secured, i: 

sizfc 6-csccnt i:.-ith engine oat of eo-mfiission. I t  m i l l  be  more 

complcx t i x n  t h e  f irst  two types,  7::ith va r i ab le -p i t ch  

l e r s  as ;:i e b s o l u t e  m c e s s i t y .  It m i l l  approximate t o  tlic 

idoz l  h e l i c o p t e r  morc c l o s e l y  than t h e  combined he l icoptzr -  

a i r p l a n e ,  l e s s  c l o s e l y  than the  multiple-engined tjrpe. Sssid_cs 

i t s  inevitpL31e complcxity, i t  is  never l i k e l y  t o  achievz 

forlirard- s;?ci?d, and i ts  loaclrczrrying caTaci t ics .  &re  l i k c l y  -to 

nrovc d.isz+-?ointing. I n  s-oite of t"?c.sse ciiff i c u l t i e s ,  it ;my 

be c?cvclopcd because i t  docs  not in;-olvc thc disadvant:;gcs of 

i n c s  tind bccausc it docs  approx ix i t e  t o  t3c i?.x,l 

helicoI3'GG;:. Sonc plausible c a l c u l s t i o n s  by tiic au thor  i x i c L t  e 

t h a t  $ - i - L ?  i7., 200 El?. sngine a hclico-ptcr of t;iis type  caul-C bs 

bu i l t  t o  i-7r:S@ zbout 3239 l b .  carzying 2. i x n  ~xnd t= coupls cf 

of 35 f t .  Lic:2eter sacii, climb v o r t i c a l l y  2.t 500-600 f t .  p e r  

:.]in,., have a forward s3ced of 60 ;i.&P. E. , an6 g l i d e  down s c f e l y  

s:-$ne cead on a path of 30 deg. t o  t h e  h o r i z o n t a l  st a n  
cL1:,.7.e c --,-a of inciclence of 30 deg. so tha t  c r a f t  would : i in"c in  & 

hor i zon ta l  F o s i t i o n  on t h e  glide, and come t o  rest very quick ly  

a f t e r  touching t h e  ground. 

TheTe i s  no doubt that  any of t h e  t h r e e  t y p e s  &iscussed 

above c a i  be r e a l i z e d  i n  p r a c t i c a l  form, end tlmt t h e  general 

c h a r a c t e r i s t i c s  of t h e  h e l i c o p t e r  a r e  already well understood. 



Given nore  fundamental work i n  the wind tunnel and f i i i znc ia l  

support ,  ac ronzu t i ca l  engineers  w i l l  r e a d i l y  produce a vor  kimn- 

l i k e  c r s f t  

I t  is a l s o  suggested that aerodynamic r e sea rch  be  con&cted 

before the cons t ruc t ion  of fu l l - s i zed  machines i s  undertZ,%eD. 

Langley an6 t h e  Wrights undertook such i n v e s t i g a t i o n  S e f o r e  

Sui l i i ing  t h e i r  f l y i n g  ixzchines . Sure ly  t b c  T;rind tunnel shou.:ld- 

now b e  called. upon for i n v e s t i g a t i n g  s tab i l i ty ,  vindiraill action 

i n  g l i d i n g  Cesce'ilt, conversion of a, l i f t inF; .  z i r sc rew i n t o  L. 

windmill, an& e f f i c i cncy  of the l i f t i - n g  a i r screw i n  forwai.ci 

f l i g h t  

The hclicoptecr is  not  l i k e l y  t o  equal t h e  z i r p l a n e  ic spced 

o r  in c z n y i n g  capac i ty .  Owing t o  

require$-, it i s  not l i k e l y  t o  bc eo  compcct o r  nxieurrerzblc. 

and EIOTG rcs'cricted t e r r a i n ,  axid. the% is an important poiilt 

from t i c  s s , f e ty  aspec t .  But t h e  a i r p l a n e  has only onc mccizm- 

i c a l  contriVc2'ilce of any complexity: thl: enTim. The helicopJG e r  

u i t h  multiple-engine power p l an t  w i l l  hzvc r educ t ion  gear ing  

(10 t o  1, o r  thereabouts )  t o  contend with, mnd z complicate& 

system of con t ro l .  The single-engined he l i cop te r  w i l l  hav0 to 

i nc luce  a v a r i a b l e - p i t c h  mechanism i n  add i t ion .  The a i rp l a i i e  

engineer bui lds  a s t r u c t u r e  vrhich g l i d e s  through tYe a i r ,  but  

with i t s  p a r t s  statioi1ar.y r e l a t i v e  t o  one another. In t h e  
I 

h e l i c o p t e r  weight l imi ta , t ions  and. the  f l e x i b i l i t y  of a l i g h t ,  



huge C-.s17icc n i l 1  imkc a l l  tix chanicnl  problcms of tr2,ns:lis- 

s ion ,  d e . ,  p e r t i c u l a r l y  d i f f i c u l t ,  ~2nd such d i f f i c u l t i e s  n i l i -  

t a t  e &gainst  s L b f  cty.  

Thc fu‘ixre of t h c  h e l i c o p t e r ,  u n l e s s  i t  undergo2s rc.Gic?d 

dcvelopm-r?t, t he rc fo rc  lies not i n  competit ion x i t h  t h e  a h -  

p lane ,  but  iii i t s  z b i l i t y  to perform c@r t t t i n  func t ions  ali ich 

t h e  a i r p l a n e  cannot unclertake. 

Ecfori :  t h e  coinplcte development of a new rnechmism of  trens- 

portntiOii, i t  i s  impossible t o  p r e d i c t  all t h e  u s e s  t o  irshich 

i t  ~ C J  bi pu t .  It i s  doubt fu l  ~hcthher the  Wrights foresaxv t h e  

appl iczdl ion of t h e  i7,imlmie t o  f ighJLing the  boll weevil, or  

rmking c i y  surveys f o r  l a y i n g  dowln powcr-tr8nsmission l i n c s .  

By analogy, the he l i cop te r ,  once it ncs been developed, inzy *.>e 

u t i l i z e &  i n  v\~ays q u i t e  unsuspected by us at  p resen t .  There i s  

no l a c k  af p l a u s i b l e  suggest ions f o r  i t s  u t i l i z a t i o n .  I n  m i l i -  

t a r y  use for observat ion purposes, t o  rep lace  k i t e  ’oalloons o r  

ovcr ;:rcius nherc extremely accu ra t e  inforrmtion i s  required;  

f o r  sccuring cormunication bctweer, army u n i t s  xh ich  cannot main- 

t a i n  z i r p l e n e  contac t  owing t o  topography; for accur2.t e bombing 

of e i t h e r  land  o r  sea ob jec t ives ;  f o r  u s e  i n  connection a i t h  

nava l  vcssc ls  no t  supported by a i r c r a f t  ca;L.riers. Ent’husicstic 

supporters of  the  he l i cop te r  go s o  f a r  as t o  see  i t  2.azd-i.:~~ on 

roofs, br ing ing  rapid communication t o  the  very h e a r t  of c i t i e s  

and helping t o  r e l i e v e  t r a f f i c  congestion - zl though air;alcncs 

mith lzmling p la t forms  ray more r e a d i l y  achieve this. 

A t  a q  r a t e ,  t h e  h e l i c o p t e r  i s  wi th in  measurable d i s t m c e  

of achievencnt,  and i s  worthy of s e r i o u s  considerat ion.  

- 
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Fig .1  Diagram t o  i l l u s t r a t e  t he  Froude 1-r,omentwn 
theory,  8,s appl ied  t o  a l i f t ing , '  airscrew, 
2400 

, 2000 

0 

Diameter i n  f e e t .  

Fig.2 L i f t  in pounds p l o t t e d  aga ins t  diameter f o r  
Duraiid p rope l l e r  Wo.44 with constant  100 HP. 

tial 
press .  

c 1 Pressure 
P 'd 1% 

F i g , 3  
Diagram t o  i l l u s t r a t e  t he  Froude momentum 
theory as appl ied  t o  an a i rb rake .  
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R L 

nt wind VelocitY 
TI 

D 2 m n  P1sne of  
r o t a t i o n  

---+----.--I-___I 

(b)  A i r  f o r c e s  on an eleineiit 
o f  a normal a i r sc rcw 
descent ;  3 e x e r c i s s s  a t o r m e  
producing a negat ive  r o t a t i o n ;  
r e a r  edge meets t h e  resuJ,%ant 
wind. &Y 

gel0 

-- 
___-I_.* L +?WL --I_ - 

Plane of' r o t a t i o n  
Fig.4 Action of blcde element of 3 normal a i r screw 

on v e r t i c a l  descent .  
(a) A i r  f o rces  on an element of a normal a i r screw 

i n  v e r t i c a l  c?scent; p o s i t i v e  d i r e c t i o n  o f  
r o t a t i o n ;  power suppl ied.  

F ig .5  Action o f  blade Element 
o f  it windmill brake on v e r t i c a l  
descent .  

Fig.6 P r i n c i p l e  of 
La Cierva'  6 autogi ro .  

(The wings are f ixed t o  a 
p i ece  b,  by me2,ns of hinges 
e ,  s o  that. they are f r e e  t o  
move as shown i n  t h e  
diagrmn. The p i ece  b t u r n s  
f r e e l y  about t h e  zxis f .  
S are e l a s t i c  shock absorb- 
e r s  l i m i t i n g  t h e  downward 
motion o f  t he  wings.)  
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i3lade element moving 
from %he wind, Resul- 
?a& force  8 tends t o  
maint a i n  r o t  at ion .  

r o  t at ion  

glade element moving i n t o  the  
wind, Resul tant  force  R 
may oppose r o t a t i o n ,  be 
n e u t r a l ,  o r  even he lp  . . .  

F i g . 7  Diagrams t o  i l l u s t r a t e  t he  a c t i o n  o f  blade 
elements o f  a windmill i n  s ide  wind. 
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Fig ,25  La CiexvaP E) Autogiro -. - . 

Fhg .IS ICarman He3 hcag f e r  without turrent 
7035 4.S 
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Assgia'oly and 
e l e v a t i o n  o f  
one arm. 

Dia5ra:natic drawing o f  the Karman 
cap t ive  S e l i c o p t e r  with three 
r3 t ary engii3es. 


